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THE BIOSYNTHESIS OF CHOLESTEROL FROM ACETATE-1-C 
BY CELLULAR FRACTIONS OF RAT LIVER* 


By NANCY L. R. BUCHER ann KATHLEEN McGARRAHAN 


(From the Medical Laboratories of the Collis P. Huntington Memorial Hospital of 
Harvard University at the Massachusetts General Hospital, 
Boston, Massachusetts) 


(Received for publication, January 30, 1956) 


We have previously reported the finding that cell-free preparations of 
rat liver are capable of forming radioactive cholesterol from C*-labeled ace- 
tate (1, 2). This has opened the way to an investigation of the possible 
contributions to the process made by the various structural elements of 
the cell. The mitochondria and microsomes have been segregated from 
the soluble cell components by differential centrifugation, and the ability 
of these fractions to carry out this synthesis has been tested singly and in 
combination. The cofactor and oxygen requirements, the effect of certain 
enzyme inhibitors, and the relation of the activity of the system to glycol- 
ysis have also been examined. 


EXPERIMENTAL 


Animals—Female albino rats, originally derived from Wistar stock and 
weighing approximately 200 gm., were sacrificed by decapitation. 

Preparation of Homogenates—The livers were perfused in situ for a few 
seconds with ice-cold buffer medium containing 0.1 m potassium phosphate 
buffer, pH 7.4, 0.03 m nicotinamide, 0.004 m MgCl, and 0.125 m sucrose, 
and then homogenized as described previously (1, 2) in the same medium. 
The sucrose was introduced in the hope that it would reduce agglutination 
of cytoplasmic particles and thus expedite fractionation; its omission made 
little demonstrable difference in the activity of the preparation. In later 
experiments 0.01 M glutathione was added prior to homogenization because, 
in its presence, the activity of some preparations was increased. 

Fractionation—Homogenates were centrifuged for 10 minutes at 500 or 
700 X g to eliminate tissue fragments, cells, and nuclei. Removal of this 
material did not cause any loss of synthetic capacity. The resultant super- 
natant fluid was the starting material for subsequent fractionation, which 


* This is publication No. 876 of the Cancer Commission of Harvard University. 
This investigation was supported in part by a research grant (No. C-2146) from the 
National Cancer Institute, and in part by grant No. C-4J and an institutional grant 
from the American Cancer Society to Harvard University. Preliminary reports of 
this work were presented at meetings of the Federation of American Societies for 
Miology (Mederation Proe,, 18, 10 (1064); 14, 187 (1955)). 
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was carried out in the high speed attachment of the refrigerated Interna- 
tional centrifuge, model PR-2, and in the Spinco preparative ultracentri- 
fuge when the force exceeded 30,000 X g. Details of the separate experi- 
ments are given below. The supernatant fluid was separated from the 
sediment after each centrifugation by careful aspiration with a finely drawn 
out pipette. The morphological composition of each fraction was deter- 
mined by phase contrast microscopy. 

The sediments, which contained mitochondria or microsomes, were re- 
suspended in either buffer medium or supernatant fluid, as required, by 
homogenization for a few seconds in a glass tube with a loose fitting stain- 
less steel or glass pestle in the case of the mitochondria, and a tight fitting 
plastic pestle in the case of the microsomes. 

Incubation—In most instances incubation beakers contained 2 ml. of 
homogenate or particle suspension in buffer medium plus diphosphopyri- 
dine nucleotide (DPN) and acetate-1-C™?! and other additions as specified, 
in a final volume of 2.5 ml. All added substances were adjusted to approxi- 
mately neutral pH with KOH, and all substrates converted to the potas- 
sium salts before use. Hexose diphosphate was first purified through the 
strychnine salt (3) to remove inhibitors which were found in all commercial 
preparations tested. Versene (ethylenediaminetetraacetic acid, disodium 
salt) was introduced in some instances because it increased the activity of 
the system, presumably by sequestration of metallic impurities, especially 
in the presence of certain added substances. 

Beakers were incubated aerobically in a Dubnoff shaker in duplicate for 
1 or 2 hours at 37°. The activity of the homogenates varied from one 
preparation to another, but results were consistent within experiments. 
Each experiment was carried out at least twice, and typical runs were tabu- 
lated. 

Analyses—To determine the amount of labeled cholesterol, hydrolysis 
of the incubated sample, extraction with petroleum ether, precipitation, 
and counting of the cholesterol as the solid digitonide were carried out as 
described previously (2). Total cholesterol was determined by a modifi- 
cation of the Schoenheimer-Sperry method in the studies in vitro (4, 5) and 
by weight of the cholesterol digitonide in the experiments in vivo. 

For measurement of the protein content of the incubation mixture, two 
methods were employed, one based on the weight of dry protein after ex- 
traction of nucleic acids and lipides (2), and in later experiments one based 
on the biuret reaction (6). In the latter case normal liver protein of known 
dry weight was used as a standard of reference. Ribonucleic acid deter- 
minations were carried out by the method of Scott et al. (7). 


' For synthesis of the labeled acetate, we are very grateful to Dr. Ivan D. Frantz, 
Jr., of the University of Minnesota School of Medicine. 
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Results 


Experiments in Vitro: Fractionation and Recombination of Particulates 
and Soluble Cell Components—The results of two typical fractionation and 
recombination experiments are shown in Table I. The starting material 
was the supernatant fluid derived from centrifugation of homogenates for 
10 minutes at 700 X g. This fluid was found to contain principally mito- 


TABLE I 


Total Radioactivity Recovered in Cholesterol after Incubation of Various Liver Cell 
Fractions with Acetate-1-C'* 


Homogenized and fractionated in 
Tissue preparation 
Buffer medium | 0.25 M sucrose 
c.p.m.* c.p.m.* 

Unfractionated 700 X g supernatant 100 100 
9,000 X g sediment 0 0 
105,000 g sediment 0 
105,000 X g supernatant 0 0 
9,000 X g + 105,000 XK g sediments | 0 0 
9,000 X g sediment (washed) + 105,000 X g supernatant 19 25 
105,000 X g sediment + 105,000 X g supernatant 82 70 
9,000 + 105,000 X g sediments + 105,000 X g supernatant 102 95 


* Counts per minute corrected to 100 in the unfractionated preparation to facili- 
tate comparison between experiments. In the ‘‘Buffer medium” series, the particles 
were resuspended in either homogenizing medium or in soluble fraction (super- 
natant fluid from 105,000 X g) when its presence was required. Each incubation 
beaker contained 2 ml. of tissue fractions plus 0.0008 m DPN and 0.012 m acetate-1-C™ 
(8 X 10 c.p.m. per flask) in a total of 2.56 ml. In the ‘0.25 M sucrose”’ series the 
particles were resuspended in either 0.25 m sucrose or soluble fraction, and phos- 
phate buffer, MgClz, DPN, and acetate were introduced to correspond to levels in 
the ‘“‘Buffer medium”’ series. In addition, hexose diphosphate (0.016 M) and diso- 
dium Versenate (0.001 M) were present, bringing the final volume to 2.7 ml. 


chondria, microsomes, lipide droplets, and soluble cell constituents; rarely, 
free nuclei were present, but never any whole cells. 

The large particles were sedimented by centrifugation for 15 minutes at 
9000 X g. This fraction contained nearly all of the mitochondria from the 
unfractionated material, but also many microsomes. Centrifugation of 
the remaining supernatant fluid for 30 minutes at 105,000 X* g yielded a 
microsomal pellet with characteristic reddish, translucent appearance and 
in which comparatively few particles were positively identifiable as mito- 
chondria, 

The final supernatant fluid contained the soluble constituents of the cell. 
Numerous lipide droplets accumulated in a layer at the top of the tube, 
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but there were otherwise few visible granules. No attempt was made to 
isolate this fatty layer, which was pooled with and treated as part of the 
soluble fraction. 

Because of contamination with microsomes, the mitochondrial fraction 
was resuspended and resedimented twice at 5000 * g. In one set of ex- 
periments (Table I, ““Buffer medium’’), the soluble fraction, derived from 
centrifugation at 105,000 X g, was used for this washing, instead of the 
usual homogenizing medium, in order to minimize the possible elution of 
essential components from the mitochondria. In a second set of experi- 
ments (Table I, ‘0.25 mM sucrose’), to avoid adding electrolytes which are 
reported to promote agglutination of particles (8-10), the entire homogeni- 
zation, fractionation, and washing procedure were carried out in 0.25 M 
sucrose solution, buffer and salts being added in concentrated form at the 
time of incubation. Since the total amount of C™ incorporation tended to 
be lower in the material prepared in sucrose, hexose diphosphate and Ver- 
sene were also introduced in order to boost activity. 

Both the mitochondrial and microsomal pellets contained appreciable 
amounts of glycogen which could be seen grossly as a separate, slightly 
milky, translucent layer at the bottom of the centrifuge tubes. In the 
sediment from centrifugation at 105,000 X g the glycogen layer was at least 
equal in volume to the microsomal layer. 

For incubation, the particles were resuspended in enough homogeniza- 
tion medium or soluble fraction to restore their concentration to approxi- 
mately that in the original starting material; 7.e., supernatant fluid ob- 
tained from centrifugation at 700 X g. 

Fractionation in buffer medium and in sucrose solution yielded essen- 
tially the same results (Table I). Although all of the fractions were ineffec- 
tive by themselves, the activity of the system could be completely restored 
if they were recombined in their original proportions. Further, each one 
of the particulate fractions, when combined with the soluble portion, was 
capable of forming radioactive cholesterol from labeled acetate, but the 
microsomes were far more active in this regard than the washed mitochon- 
dria. Since the crude mitochondrial fraction was heavily contaminated 
with microsomes, and since washing these mitochondria was found to re- 
duce their activity by about 75 per cent, the microsomes seemed the more 
likely site of the cholesterol-forming enzymes. No activity was ever ob- 
tained by incubation of the soluble fraction alone, even when it was forti- 
fied with hexose diphosphate to compensate for the glycogen lost by high 
speed centrifugation (see below). 

To define more clearly the nature of the particles involved, sediments 
were collected by successive centrifugations as follows: (1) 10 minutes at 
5000 X g, (2) 15 minutes at 30,000 X g, (3) 15 minutes at 60,000 X g, and 
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(4) 90 minutes at 105,000 K g. Most of the mitochondria were in the first 
sediment, but a number of microsomes were also clearly visible. The 
mitochondria were not washed in this experiment. The remaining micro- 
somes were arbitrarily subdivided into three fractions: the first, collected 
at 30,000 X g, contained principally large microsomes, although some mito- 
chondria were seen. The other two, collected at higher speeds, contained 


TABLE II ; 


Cholesterol Formation by Various Classes of Cell Particles Incubated with Constant 
Amount of Soluble Fraction 


Volume of Particle 
ml. mg. mg. c.p.m. 
Unfractionated 700 X g supernatant (2.0)* (60.0)* 2.12 1127 
5,000 X g sediment 0.5f 15.9 1.07 279 
5,000 X g - 0.2 6.4 0.642 92 
7 30,000 X g sediment 0.5 10.7 0.966 825 
30,000 X g vat 0.2 4.3 0.600 283 
30,000 X g = 0.1 2.1 0.478 121 
60,000 X g be 0.6 8.3 1.22 417 
60,000 X g 0.2 3.3 0.700 154 
60,000 X g r 0.1 1.7 0.528 57 
105,000 X g 134 0.6 6.8 1.91 26 
105,000 X g 0.2 2.7 0.690 5 


* The tissue preparation (in parentheses) in these beakers consisted only of un- 
fractionated supernatant fluid. Hence the protein value includes the amount pres- 
ent in particulates plus the soluble fraction. Particles were collected by centrifu- 
gation at the forces indicated, and resuspended in a small volume of buffer medium. 
| Aliquots of 0.5, 0.2, or 0.1 ml. of suspended particles were incubated with 2.0 ml. of 
soluble fraction. The latter contained 41.3 mg. of protein and 0.356 mg. of RNA. 
Addition of 0.0008 m DPN, 0.012 m acetate-1-C™, 0.008 m hexose diphosphate, 0.001 
M disodium Versenate, and medium as required brought the final volume to 2.76 ml. 

t To facilitate comparisons, the preparations containing the highest concentra- 
tion of particles in each class are italicized. 


only microsomes. Aliquots of suspensions of each class of particles were 
incubated with a constant amount of soluble fraction as shown in the ex- 
periment in Table II; in this way, the activities of the various classes of 
particles could be compared at equivalent levels of particle protein concen- 


tration. The incorporation increased with particle concentration within 

each class of particles. The two large microsomal fractions were far more 
; active than the others. This observation is even more striking when con- 
; sidered in terms of incorporation relative to the amount of particle protein 
| present; the upper part of Fig. 1 shows the results of this and another such 
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experiment, expressed as counts per minute per mg. of particle protein 
corrected to 100 ¢.p.m. in the most active fraction, to facilitate comparison 
between experiments. The results of the two experiments were in excel- 


W cpm in 
mJ CHOLESTEROL — mg. RNA 
.25° 


Uj, 
“iy 
- 
= = Y, 
5Sed ,30Sed 60 Sed 105 Sed 105 Sup 


Mitochondria Microsomes 

Fic. 1. Cholesterol and RNA in cell fractions, and capacity to synthesize choles- 
terol in vitro. The vertical bars in the upper part show, in two separate experi- 
ments, the relative capacities of the various cellular fractions to synthesize choles- 
terol. The data are expressed as counts per minute incorporated into cholesterol 
per mg. of particle protein, corrected to 100 c.p.m. in the highest fraction. The black 
horizontal lines show the concentration of RNA in the cell particles, expressed as 
mg. of RNA per mg. of particle protein (scale at right). In the lower part, the verti- 
cal bars show the cholesterol concentration expressed as mg. of cholesterol per mg. 
of particle protein in the various cell fractions in three separate experiments. 


lent agreement and demonstrate clearly that the major activity resided in 
the sediments collected at 30,000 and 60,000 X g. 

The lower part of Fig. 1 shows that the cholesterol concentration per 
mg. of particle protein was greatest in the three microsomal fractions, and 
least in the soluble portion. It approximately paralleled the synthetic 
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capacity of the particles, although it was moderately high in the smallest 
microsomes (sediment from 105,000  g) in which the activity was very 
low. The appreciable amount of cholesterol in the mitochondrial sedi- 
ment (5000 X g) was probably attributable to microsomal contaminants 
(see below). 

There appeared to be no correspondence between the ribonucleic acid 
(RNA) content of the particles and their ability to form cholesterol (Table 
II and Fig. 1). The smallest particles, which were richest in RNA, were 


T T T 
100 
80 
60 = 

% of control cpm eth 
Cholesterol 
20k Ag RNAase| mi ‘a 


20 40 60 80 100 120 


Fic. 2. Effect of ribonuclease. The effect of increasing concentrations of ribo- 
nuclease upon the formation of cholesterol in vitro is shown in two experiments. 
Supernatant fluid, obtained by centrifugation of homogenates at 700 X g, was incu- 
bated under conditions similar to the ‘‘Buffer medium”’ series of Table I, except that 
ribonuclease was added at the start of incubation in the amounts shown. The re- 
sults are expressed as per cent of the activity obtained in the controls to which no 
ribonuclease was added. 


among the least active. Further, the addition of ribonuclease to the incu- 
bation mixture resulted in negligible inhibition at low concentrations, 1.e. 
10 to 15 y per ml., as shown in Fig. 2. 

Experiments in Vivo: Fractionation Following Injection of Acetate-1-C™ 
into Whole Animal—Experiments carried out in the whole animal provided 
additional support for the findings in vitro. Labeled acetate (125 and 25 
uc., respectively) was injected intravenously into two rats, and the livers 
were removed and fractionated after 3 or after 30 minutes. Since the 
labeled cholesterol was already formed by the time the livers were excised, 
a fractionation procedure could be employed which was designed to yield 
cleaner cell particles than in the studies in vitro for which concentrated 


homogenates were necessary. Accordingly, the livers were homogenized 
in 10 volumes of 0.25 m sucrose solution, and the crude homogenate was 
centrifuged at 500 * g to eliminate cell débris and nuclei. Fractionation 
of the resulting supernatant fluid was carried out as before, except that 
the crude mitochondrial fraction (sediment from centrifugation at 5000 x 
gq) was washed by resuspension in ample volumes of sucrose solution and 
recentrifugation. The “fluffy layer’? (11), which appeared under these 
conditions as a loosely packed pinkish layer on top of the buff-colored mito- 


TaBLeE III 
Cholesterol Formation in Cell Fractions in Vivo 

In this experiment and two others in which fractionation was carried out at 3 
minutes after the injection of labeled acetate, the total recovery in the fractions 
was found to be 107, 100, and 102 per cent, respectively, of the counts per minute in 
the unfractionated starting material. The distribution of the counts among the 
fractions was similar, in all instances, to that shown above. The percentage re- 
covery in the 30 minute experiment was not determined. 


Cholesterol 

Tissue preparation Per -—* total Per cent by weight | C.p.m. per mg. 

3 min 30 min. 3 min. 30 min. | 3 min. | 30 min. 

5,000 X g sediment (washed) 5 3 2 3 696 | 636 
30,000X “ 52 49 648 | 644 
60,000 X g 32°91 | 30)90 | 38784 | 28°84 | 400 | 656 
105,000 X g 7 8 8] 7 400 | 708 
105,000 X g supernatant 4 7 16 14 128 | 284 


chondrial sediment, was carefully aspirated and added to the supernatant 
fluid for subsequent refractionation with the microsomal] materials (11-13). 

In both livers 90 per cent of the total counts per minute in ‘‘Cholesterol”’ 
was recovered in the three microsomal fractions, chiefly in the large micro- 
somes as before (Table III). It is known that during the first few minutes 
after the injection of C'‘-acetate the labeled non-saponifiable lipide which 
precipitates with digitonin is a mixture of cholesterol and other largely un- 
identified steroids (14, 15). Since it is highly probable that these radio- 
active companion substances are cholesterol precursors, in the present short 
term experiments in vivo they are included in the fraction designated ‘“‘Cho- 
lesterol.” 

The total “cholesterol” content of the fractions again approximately par- 
alleled the radioactivity; over 80 per cent was in the microsomes. Unlike 
the previous experiment, only a negligible amount was present in the now 


‘ 

a 


less contaminated mitochondria (Table IID). The specific activity of the 
“cholesterol” was significantly lower in the soluble fraction than in the 
particulates. It was high in both mitochondria and microsomes and simi- 
lar in both. ‘The results at 3 minutes and at 30 minutes were in reason- 
ably good agreement. 

Inhibitors and Requirements—That the mitochondria did not play an 
essential rdle in cholesterol biosynthesis was further suggested by the ob- 
servation that potassium cyanide, in concentrations sufficient to inhibit 


TaBLe IV 
Effect of Cyanide and Dinitrophenol upon Cholesterol Formation 
by Rat Liver Preparations 
Conditions similar to the ‘“‘Buffer medium’’ series in Table I, except that KCN 
or sodium 2,4-dinitrophenoxide was added in the concentrations shown. Four sep- 
arate experiments involving KCN and three involving dinitrophenol are tabulated. 


Added KCN 
Tissue preparation KCN: control 
None 0.001 m 0.002 m 
C.p.m. c.p.m. c.p.m. per cent 
700 X g supernatant 359 324 265 90, 74 
700 X g ” 532 482 91 
9000 X g ™ 195 196 100 
9000 X g 38 263 249 240 95, 91 
Added dinitrophenol 
DNP: control 
500 X g supernatant 562 529 423 94, 75 
9000Xg “« 389 347 334 89, 86 
9000 X g a 267 230 232 86, 87 


cytochrome oxidase (16), and dinitrophenol, in amounts sufficient to un- 
couple oxidative phosphorylation (17), did not block the reaction in vitro 
(Table IV). Since cytochrome oxidase (18) and the enzymes which medi- 
ate oxidative phosphorylation are known to be localized in the mitochon- 
dria (18, 19), at least the major mitochondrial function of providing energy 
through oxidative pathways appeared not to be required. 

In the absence of mitochondria, glycolysis might be expected to supply 
the requisite energy, an idea further supported by the requirement of the 
system for magnesium ions (2) and by its sensitivity to iodoacetate (Table 
V). More direct evidence for the dependence of the system upon glycoly- 
sis is presented in Table VI. To eliminate endogenous glycogen, saliva 
was introduced into the mixture at the start of incubation. A striking re- 
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duction in activity resulted, ‘The effect of the saliva was completely re- 
versed by the addition of hexose diphosphate (HIDE), Por best results, 
Versene wae included in the mixture; ite effectiveness wan due presumably 
to counteraction of impurities in eather the saliva or the hexose ciphos 
phate, Since the formation of cholesterol from acetate is primarily are 


Tarun V 
Effect of Potassium lodoacetate on Cholesterol Formation 
Conditions similar to the “Buffer medium” series in Table I, except that potas- 
sium iodoacetate was added in the concentrations shown. Two separate experi- 
ments are tabulated. 


Added iodoacetate 
Tissue preparation 
None 2X 10-5 2X 10m 2x 10°? 
c. p.m. C.p.m. c.p.m. c.p.m. 
9000 X g supernatant 376 178 44 2 
9000 X g . 246 169 51 0 
TaBLeE VI 


Relation of Cholesterol Formation to Glycolysis 


Conditions similar to the ‘‘Buffer medium”’ series in Table I, except that 0.01 m 
glutathione was added to the homogenization medium in the second and third of the 
three experiments tabulated below. Additions to all beakers were 0.016 m hexose 
diphosphate, 0.001 m disodium Versenate, and 0.3 ml. of saliva, as indicated, in a 
total volume of 2.6 ml. 


Additions to incubation mixture 
Tissue preparation 
None Saliva + Versene | S#liva + HDP + 
c.p.m. c.p.m. c.p.m 
9000 X g supernatant 491 26 458 
9000 X g ys 350* 34 369 
9000 X g £34 660 7 715 


* Contained Versene and HDP. 


ductive synthesis, the function of glycolysis is probably 2-fold: to provide 
a continuing supply of reduced diphosphopyridine nucleotide (DPNH?*), 
and to provide energy in the form of adenosine triphosphate (ATP). The 
requirement of the system for DPN has been shown previously (2). A 
dependence upon the adenylic acid system was demonstrated by experi- 
ments in which the soluble fraction was dialyzed, then recombined with 
microsomes and incubated under the usual conditions. The activity was 
negligible unless ATP was added (Table VII). 
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lino a glycolysis dependent system, in the absence of mitochondria, it 
seemed posable that the reaction would proceed equally well or better 
but euch wae not the case (Pable VIED. When meubated 
Hinder nitrogen, the level of found in the cholesterol was only 


Tanne 
ffect of ATP on Cholesterol Formation 


Supernatant fluids derived from centrifugation at Q000 x ¢g were centrifuged for 
40 minutes at 105,000 x g. The resulting supernatant fluids were dialyzed at 4° 
against 25 volumes of buffer medium containing O.OL mM glutathione. The sediments, 
containing microsomes, were resuspended in the dialyzed supernatant fluids, and 
the mixture was ineubated under the usual conditions (Table 1). Two separate 
experiments are shown. 


Added ATP 
Tissue preparation Time of dialysis 
None 0.0016 mM 
Ars. c.p.m. c.p.m. 
105,000 X g sediment + supernatant 4 1 164 
105,000Xg + 14 1 89 


TaB_eE VIII 
Effect of Incubation under Nitrogen on Cholesterol Formation 


Conditions similar to the ‘‘Buffer medium”’ series of Table I. For the anaerobic 
experiments, prior to incubation, Warburg flasks were gassed with nitrogen for 20 
minutes with manual shaking in an ice bath, and labeled acetate was then tipped in 
from a side arm. The nitrogen was washed through Fieser’s solution to reduce the 
O. as much as possible. Two separate experiments are shown. 


Conditions of incubation 
Tissue preparation 
Aerobic Anaerobic 
c.p.m,. c.p.m. per cent 
9000 X g supernatant 308 55 | 18 
9000 X g ‘ 283 57 | 20 


about 20 per cent of that obtained under air. The Qo, values of such prep- 
arations were one-eighth to one-tenth those of unfractionated starting ma- 
terial; 2.e., supernatant fluid derived from centrifugation at 700 X g. 

In regard to the stability of the cholesterol-forming enzymes, it is note- 
worthy that the supernatant fluid derived from centrifugation at 9000 x 
g retained its activity undiminished for at least 17 days when frozen rapidly 
and stored at —78°. 
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DISCUSSION 


From the above evidence it appears probable that the microsomes are 
the principal locus of the cholesterol-forming enzymes within the cell; 
cholesterol synthesis in vitro proceeded effectively in the presence of micro- 
somes plus soluble cell constituents, and in vivo, following the injection of 
labeled acetate, nearly all of the C™-cholesterol appeared in the microsomal 
fraction, 

Some incorporation invariably occurred when the mitochondrial fraction 
wan incubated with the soluble fraction; this seema beat explained on the 
bana of contamination of the mitochondria with micronomes, for whieh 
there in the following evidence: (1) identification with the phase-contrast 
microscope; (2) RNA analyaim, which showed a level several-fold higher 
than that found in mitochondria prepared under optimal conditions for 
purity (20); (3) the finding of much more cholesterol in the unwashed mito- 
chondria obtained from the concentrated homogenates of the experiments 
in vitro than in the relatively clean mitochondria of the studies in vivo. 
In the experiments in vitro of Table II, unwashed mitochondria were used 
preferentially because of the danger of misleading results due to possible 
elution or destruction of essential factors by washing; in such a case there 
would be uncertainty as to whether the activity were really negligible in 
this fraction or had merely been destroyed by our handling of it. The 
evidence indicates that it is really negligible, since, relative to the amount 
of protein present, the large microsomes were 4 times more efficient 
than the crude mitochondrial fraction in effecting conversion of acetate to 
cholesterol (Fig. 1). 

Cholesterol formation from acetate has been reported by other investi- 
gators to take place in particle-free preparations of rat liver which contained 
the soluble components of the homogenate plus an aqueous extract of the 
mitochondria. The conditions under which the mitochondrial fraction 
was prepared, however, were such that a major portion of the large micro- 
somes must also have been included; 7.e., centrifugation at 33,000 X g for 
40 minutes (21, 22). It seems likely, therefore, that the activity obtained 
in this manner should similarly be attributed to the presence of the micro- 
somes. 

In the experiments zn vivo, over 90 per cent of the radioactive cholesterol 
was recovered in the microsomes at even an early interval after the injec- 
tion of labeled acetate. This finding strongly favors the microsomes as 
the site of synthesis, or at least of its final stages. In general, one expects 
the product of a reaction to exhibit its maximal specific activity at the site 
where it is synthesized. On this basis the soluble fraction could be ruled 
out, since the specific activity as well as the total activity of the cholesterol 
derived from it was considerably lower than that from the other fractions. 
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The mitochondrial fraction could be ruled out because, although its choles- 
terol had a specific activity equal to that obtained from the microsomes, 
its total activity was insignificant. Probably the actual cholesterol content 
of the mitochondria is negligible, and the small amount found in this frac- 
tion, about 5 per cent or less of the total, is principally due to traces of 
microsomes still remaiming; hence, its specific activity would be the same 
as that of the large microsomes, 

The microsomes are not a homogencous maternal, either as lo compos: 
(14, 24 25) or tomorphology, By electron microscopy they seem to be 
largely composed of fragments of a ayaten of double membranes, or 
lar or tubular atructures which have been observed to occur in the eyto: 
plasm (26 28). Closely assocmted with these membranous structures: are 
dense small granules (29, 30) which consist principally, if not entirely, of 
ribonucleoprotein (31, 32). Other small cytoplasmic structures may also 
be included in this fraction (33), but have not been positively identified. 

We found the cholesterol concentration to be higher in the larger micro- 
somes, in which cholesterol synthesis was also more active, and the RNA 
concentration to be higher in the smaller ones. The importance of the 
ribonucleoprotein particles in the incorporation of amino acids into proteins 
has been clearly demonstrated (31). This reaction is strongly inhibited 
by ribonuclease (34, 35); 2 y per ml. reduced incorporation to 50 per cent 
of the control level, and 10 y per ml. to 15 per cent or less.2. Since ribonu- 
clease at these concentrations had a negligible effect upon cholesterol syn- 
thesis (Fig. 2), and since the RNA-rich small microsomes exhibited a low 
capacity to form cholesterol, the RNA particles appear not to be involved 
with cholesterol synthesis. Rather, the evidence suggests that the particu- 
lates concerned are the larger membranous or vesicular structures or other 
elements yet unidentified. 

At least two of the contributions of the soluble fraction of the cell to the 
cholesterol-forming system can be specified. The enzymes which mediate 
glycolysis, which we have demonstrated to be required by the zn vitro sys- 
tem, are reported to occur in the soluble portion of liver homogenates (36). 
Secondly, the activation of acetate, presumed to be the initial step in the 
reaction sequence, appears to take place entirely in the soluble fraction; 
in preliminary studies acetate activation in this fraction was equal to that 
occurring in the unfractionated material, whereas intact particles contained 
negligible activity.2 Where the soluble enzymes really occur within the 
living cell is uncertain; some may be actually in solution in the cytoplasmic 


? Unpublished data kindly supplied by Dr. Elizabeth B. Keller of the Collis P. 
Huntington Memorial Laboratories. 

3 For these data we are much indebted to Dr. Mary Ellen Jones of the Biochemical 
Research Laboratories of the Massachusetts General Hospital. 
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matrix; others may be localized within the particulates and released during 
homogenization. 

Recent studies by Tchen and Bloch have shown that the cyclization of 
squalene to form lanosterol and the conversion of lanosterol to cholesterol 
take place in vitro in the presence of microsomes and soluble cell compo- 
nents (37). 

When Strittmatter and Ball demonstrated cytochrome m in the micro- 
somes, they suggested that these particles would be the logical site for a 
reductive synthesis such as that of cholesterol because of the particular 
properties of this cytochrome (38, 39). ‘The present evidence indicates 
that the microsomal enzymes do play an important rdle, although its exact 
nature remains to be further elucidated, 


MUMMATLY 


hor the bionynthena of cholesterol from acetate to occur im vitro, both 
nierosomes and soluble cell constituents are required. Other cellular atric 
tures are nob necessary, 

In vivo, over 90 per cent of newly formed cholesterol obtamed at short 
time intervals after the injection of labeled acetate is in the microsomal 
fraction. 

The mier somes contain over 80 per cent of the total cytoplasmic choles- 
terol. 

The in vitro synthesis is dependent upon a glycolytic substrate, ATP, 
and DPN. In addition, there is a requirement for oxygen, although cya- 
nide and dinitrophenol fail to block the reaction. The glycolytic enzymes, 
the acetate-activating enzyme, and probably some others contributing to 
the conversion of acetate to cholesterol are in the soluble fraction. 

The microsomal fraction contains the particles principally concerned with 
cholesterol synthesis. Within the microsomes, the larger lipide-rich mem- 
branous or vesicular structures, or other elements still unidentified, rather 
than the smallest granules or ribonucleoprotein particles, appear to be the 
most probable locus of the cholesterol-forming enzymes. 


We are grateful to Dr. Joseph C. Aub for encouragement, to Dr. Fritz 
Lipmann for helpful suggestions regarding the demonstration of glycolysis, 
to Dr. Roger Jeanloz for aid in purifying the hexose diphosphate, and to 
Dr. Elizabeth B. Keller for valuable criticism and much good advice. 


Addendum—When microsomes plus soluble cell components are incubated anaero- 
bically with acetate-1-C, labeled squalene accumulates. In a typical experiment, 
1000 c.p.m. were obtained in squalene and only 7 ¢.p.m. in cholesterol. A similar 
preparation incubated aerobically yielded 18 c.p.m. in squalene and 1455 ¢.p.m. in 
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cholesterol. Thus oxygen was not required for the conversion of acetate to squalene, 
but was essential for the conversion of squalene to cholesterol. Neither of these two 
steps occurred in the absence of a pyridine nucleotide and a glycolytic substrate. 
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THE PREPARATION AND PROPERTIES OF ADENYLO- 
SUCCINASE AND ADENYLOSUCCINIC ACID* 


By CHARLES E. CARTER anp LEONARD H. COHENT 


(From the Department of Pharmacology, Yale University School of Medicine, 
New Haven, Connecticut) 


(Received for publication, January 19, 1956) 


Adenosine-5’-phosphate (AMP) and fumaric acid in the presence of an 
enzyme fraction purified from yeast autolysates condense reversibly to 
form adenylosuccinic acid (AMPS) (1). 
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This reaction is analogous to the aspartase reaction and to the enzymic 
condensation of arginine and fumarie acid (2). In this paper a more de- 
tailed characterization of the adenylosuccinase reaction and the product of 
the reaction, adenylosuccinic acid, is reported. A synthesis of the aglycone 
of adenylosuceinic acid, 6-succinoaminopurine, from aspartic acid and 6- 
chloropurine, which confirms the structure proposed for adenylosuccinic 
acid, is described in another paper.' 


EXPERIMENTAL 


Matcrials—The adenosine-5’-phosphate employed in these studies was a 
product of the Pabst Laboratories. Fleischmann’s active dry yeast was 
the source of enzyme, and carboxyl-labeled fumarate was purchased from 
the Nuclear Instrument and Chemical Corporation. 

Preparation of Adenylosuccinase—1 kilo of Fleischmann’s active dry 
bakers’ yeast was suspended in 3 liters of 0.1 N NaHCO; and vigorously 
stirred at 37° for 5 to 7 hours. The mixture was frozen, thawed, and stirred 
at 37° for 3 more hours. It was again frozen, thawed, and centrifuged at 


* This work was supported by grants from the United States Public Health Serv- 
ice and the United States Atomic Energy Commission. 
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3500 X g for 1 hour at 4°. The supernatant solution was collected and, 
for each 100 ml., 33 gm. of ammonium sulfate were added gradually, with 
stirring, at room temperature. The solution was stirred for an additional 
30 minutes and then centrifuged at 3500 * g for 20 minutes at 25°. The 
supernatant solution was discarded and the precipitate dissolved in 400 
ml. of distilled water. This solution was chilled to 4°, 80 gm. of ammonium 
sulfate were added slowly, and the solution kept at this temperature for 
an additional 30 minutes. After centrifugation at 3500 * g at 4° for 20 
minutes, the precipitate was discarded, and 30 gm. of ammonium sulfate 
were added slowly to the supernatant solution, while the temperature of 
the solution was brought to 25°. After standing at this temperature for 
20 minutes, the mixture was centrifuged (25°) for 20 minutes at 3500 X g, 
the supernatant solution discarded, and the precipitate dissolved in 100 ml, 
of distilled water. 

At this stage of purification the preparation contained high fumarase 
activity which was removed by heat inactivation, Since there was some 
variability in the period of heating required to inactivate fumarase without 
inactivating adenylosuccinase, a preliminary small scale test was employed 
before heat treatment of the entire fraction, Samples of O.1 ml, were kept 
at GO" in stoppered test tubes for periods of 2 to minutes, plunged inte 
bath, and diluted to with phosphate, GO. They were 
then clanhed by centrifugation and assayed for fumarase activity (4) and 
adenylosnecmase activity (see below), ‘The longest period of heating con- 
sistent with OO per cent retention of adenylosuccinase activity mvariably 
gave complete inactivation of fumarase. These conditions (usually 10 
minutes at 60°) were then applied to the entire fraction and the denatured 
protein was removed by centrifugation. The supernatant solution at. this 
stage (Table 1) represents a 20-fold purification over the original yeast 
autolysate, with approximately 70 per cent recovery of activity in this 
fraction. The fraction was stable in the frozen state for several months. 
Further purification of adenylosuccinase activity may be achieved by ap- 
plication of the ammonium sulfate gradient elution technique (4) and by 
gradient elution from a column of calcium phosphate and cellulose, as de- 
scribed by Black and Wright (5). 

Preparation of Adenylosuccinic Acid—By employing purified enzyme 
from yeast (Fraction IV), adenylosuccinic acid was prepared on a milli- 
mole scale by the following procedure. 1 mmole of adenosine-5’-phosphate 
and 9 mmoles of fumarie acid were dissolved in 50 ml. of distilled water 
by adjusting the pH of the solution to 6.0. 50 ml. of enzyme solution 
(Fraction IV dialyzed against 0.1 m phosphate, pH 6.5) were added, and 
the mixture was incubated at 37°. The progress of adenylosuccinic acid 
synthesis was followed at intervals by transferring 0.02 ml. of incubation 
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mixture to 5 ml. of 0.01 am NH,OH to stop the reaction, and by determining 
the absorption at 280 my. During a 2 hour incubation period the absorp- 
tion at 280 my increased approximately 3-fold as adenylosuccinate was 
formed. When equilibrium was reached, the solution was heat-treated 
(boiling water bath), and the denatured protein removed by centrifuga- 
tion; the precipitate was washed with distilled water. To the combined 
supernatant solutions were added 1 ml. of concentrated NH,OH and suffi- 
cient water to bring the final volume to 200 ml. This solution was then 
percolated through a column of Dowex 1-acetate, 2 per cent cross-linked, 
200-400 mesh, which was 15 cm. long and had a diameter of 1.5 em. The 
original effluent, containing no ultraviolet-absorbing material, was dis- 
carded, and the column was treated with a solution containing 2 Mm acetic 


TABLE I 
Preparation of Adenylosuccinase 


Praction Total activity* Specie activity] 
1H gin, ammonium sulfate Od 
Hl gin, sulfate 10 
IV. Heat treatment 
Vo Ammonium aulfate cellulose column (4) 7.0 
VI. Caleium phosphate cellulose column (5) HO) M40 


* See the text for a definition of 1 unit activity. 
t Unita per mg. of protein. Protein concentration measured speetrophoto- 


metrically (6). 


acid and 0.25 Mm ammonium acetate until the absorption at 260 my of the 
efluent solution fell below 0.20. Usually 1000 to 1200 ml. of solution were 
required. This fraction contained residual adenylic and fumaric acids. A 
solution of 4.5 M ammonium acetate and 1.4 m acetic acid was then run 
through the column at the rate of 1 ml. per minute and collected in 10 ml. 
fractions. Absorption at 267 my was determined and fractions with optical 
densities lower than 10 were discarded. As determined by spectropho- 
tometry, 0.725 mmole of adenylosuccinic acid was recovered in 50 to 60 
ml. of effluent. The pooled fractions were concentrated to a syrup by 
vacuum distillation at 50° and 400 ml. of absolute ethanol were added with 
stirring. After standing 10 minutes at room temperature, the white pre- 
cipitate was collected by centrifugation at 4° and the supernatant solution 
discarded. The precipitate was suspended with stirring in 400 ml. of 
absolute ethanol at 40° for 5 minutes and again collected by centrifuga- 
tion. The precipitate in the centrifuge bottle was dried in a vacuum desic- 
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cator. The yield of adenylosuccinate (ammonium salt) in several prepara- 
tions averaged 300 to 350 mg., or approximately 0.6 mmole, and the purity 
varied between 88 and 95 per cent, as calculated from the phosphorus con- 
tent. Analysis of the solid preparation of adenylosuccinic acid (by Huff. 
man Microanalytical Laboratories) showed 4.12 per cent of ammonia nitro- 
gen, which is equivalent to 1.43 moles of ammonium ion per mole of the 
nucleotide. According to the theoretical analysis for adenylosuccinate of 
this composition, N = 18.5, O = 36.2, C = 34.5, H = 4.45, and P = 6.35 
per cent. The analytical results were as follows: N = 16.48 per cent; 
O = (method not applicable in presence of P); C = 34.07 per cent; H = 
4.93 per cent; P = 6.35 per cent. The compound sintered at about 130° 
and melted with decomposition at about 155°; the melting point was not 
sharp. The analyses reported in Table II show that total phosphorus, 


TaBLeE II 


Relative Amounts of Ribose, Total Phosphate, and 5'-Phosphate in 
Adenylosuccinic Acid 


Ribose, pmoles® Total POs, pmoles} 5’- POs, pmolest 


11.8 12,2 12.0 
* Determined by the orcinol reaction, 
Total phosphate determined by the Fiske Subbarow method, 
t 5’-Nucleotide phoaphate determined by enzymic hydrolyaia with bull semen 
h’-nucleotidase and eatimation of inorganic P. 


total ribose, and 5’-phosphate are present in equivalent proportions and 
indicate that the compound is a purine ribosyl-5’-phosphate. Attempts to 
crystallize adenylosuccinic acid or its salts were unsuccessful. 

Chromatographic Behavior of Adenylosuccinic Acid—Although the ion 
exchange procedure described in the preceding section was found to be 
most suitable for obtaining solid preparations of adenylosuccinic acid, the 
nucleotide could also be separated from other nucleotides on Dowex 1-chlo- 
ride. As shown in Fig. 1, AMPS is removed from the resin after adenosine 
diphosphate by a solution of 0.02 m HCl and 0.02 m NH,Cl. If large 
amounts of inosinic acid are present, a preliminary treatment with 0.01 
mM HCl and 0.01 m NH,Cl should be employed. The Rp, values of adenylo- 
succinate on paper in isoamyl phosphate (7) and in butanol-acetic acid- 
water (2:1:1) are 0.98 and 0.28, respectively. 

Titration Data for Adenylosuccinic Acid—A further purification of ade- 
nylosuccinic acid for electrometric titration was achieved by conversion of 
the compound to the ferric salt, decomposition of this salt through the 
cation exchange resin Dowex 50 in the hydrogen form, and neutralization 
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ra. of the effluent with potassium hydroxide. All column operations were 
ity conducted rapidly to avoid the possibility of acid hydrolysis. The elec- 
ff. 
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Fig. 1. The separation of inosinic acid, adenosine diphosphate, and adenylosuc- 
cinic acid on a column 10 em. long and 1.2 ecm. in diameter of Dowex 1 resin, 200-400 
en mesh, 2 per cent cross-linkage, in the chloride form. The eluting agent was a solu- 
tion containing 0.02 m HCI and 0.02 m NIH,CI, and the flow rate was 0.5 ml. per min- 
‘wt ute. The tube volume was 8 ml, 
nd 
to 
jon 
be 
the 
lo- 
ine 
rge 
lo- O | 2 3 4 
, EQUIVALENTS OF ACID PER MOLE AMPS 
id- Fia. 2. Titration of 0.574 mmole of potassium adenylosuccinate with 0.1 Nn HCl. 
Water correction was made in accordance with the Debye-Hiickel theory. 
e- 
of trometric titration of adenylosuccinate at the glass electrode is illustrated 
‘he in Fig. 2. These data show that 4 equivalents of acid were consumed per 
ion mole in the titration between pH 9.0 and 1.8. Under these conditions, 
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the primary phosphory! dissociation was not titrated and the four dissocia- 
tions were assigned to the two carboxyl groups, the substituted amino 
group, and the secondary phosphory] dissociation. The only deflection in 
the titration curve indicates a dissociation with pK 6.8, which is in the 
range expected for a secondary phosphoryl] group. 

Spectral Characteristics of Adenylosuccinic Acid—Depending upon the 
pH of the solution, adenylosuccinic acid had four distinct spectra (Fig. 3). 
The dissociations which influenced the absorption spectrum may be de- 
tected from a plot of absorbance at two wave-lengths against pH (Fig. 4). 


ee) 
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O06 


ABSORBANCE 


260 210 290 
WAVELENGTH (veya) 
hia. Influence of pil on the ultraviolet absorption spectrum of tim ade 
Hylosuecinio acid, 


One dinsomnation resulted ina change i absorbance at but not at 
one resulted change at both wave-lengtha, and one produced a 
change in absorbance at 280 but not at 267 my. The dissociating groups 
had pk. values of 2.3, 4.1, and 5.1, respectively. The last pK may bea high 
estimate, since there may be some overlapping of the last two dissociations, 

By comparison with the pK values of aspartic acid and glutamic acid, 
the pK of 2.3 may be assigned to the a-carboxyl group. The pI<X values 
at 4.1 and 5.1 are believed to represent the dissociation of the secondary 
carboxyl group and the substituted amino group, though not necessarily 
respectively. 

The molar absorbancy indices of adenylosuccinate at Amax at various pH 
values (Table III) were calculated from the phosphorus content. by assum- 
ing that the compound contains 1 atom of phosphorus per molecule. It is 
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possible, however, to obtain the molar absorbancy index without reference 
to phosphorus analyses. During the degradation of adenylosuccinic acid 


ABSORBANCE 


0.7 


} 2 3 4 6 7 8 9 
pH 


Fic. 4. Spectrophotometric titration of adenylosuccinic acid, The arrows mark 
the approximate ply values of the dissociating groups. 


Tanie 
Spectral Constants of Adenylosuccinte Acid 


Solution Aman | Ot Aman 10 
OOS Mm phosphate or acetate buffer | 
pli 207 Inf 
@ abeorbanee per gm atom of Po per ml per em, 


t Caleulated from the absorbance at the isoabsorptive point of the adenylosue. 
cinase reaction (see the text). 


by purified adenylosuccinase preparations, there was no change in the 
absorbancy of the solution at 259.5 mu, indicating adenylosuccinate to be 
isoabsorptive with an equimolar mixture of adenylic and fumaric acids at 
pH 7. The molar absorbaney index of adenylosuccinie acid at 259.5 my 
must therefore be 16.3 & 10°, the sum of the molar indices of adenylic 
acid (15.4 & 108) (8) and fumarie acid (0.9 & 108) (9) at this pH. Since 
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the ratio o267 my/c2595 mz. for adenylosuccinic acid at pH 7 was found to be 
1.22, the molar absorbancy index at Amax under these conditions must be 
1.22 X 16.3 X 10%, or 19.9 * 10°. This value was in good agreement with 
that calculated from the phosphorus content. 

Spectrophotometric Determination of Adenylosuccinase and Adenylosuc- 
cintic Acid—Adenylosuccinic acid was almost quantitatively converted to 
adenylic acid and fumaric acid by adenylosuccinase (Fig. 5, Curve A), 


O5-r 
04+ 4 
S 
<a A 
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4 
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TIME OF INCUBATION (MINUTES) 


Fic. 5. Synthesis and degradation of adenylosuccinate by yeast enzyme. Curve 

A, 3 ml. of 0.056 X 1073 m sodium adenylosuccinate in 0.05 m phosphate buffer, pH 7, 
were incubated with 0.05 ml. of purified yeast enzyme, and the absorbance at 280 mu 
was followed, Curve B, 3 ml. of a solution containing 0.050 K 10™3 m sodium ade- 
nylate and 4.5 & 10™* m sodium fumarate in 0.05 m phosphate buffer, pH 7, were in- 
cubated with 0.05 ml. of purified yeast enzyme, and the absorbance at 290 my was 
followed, The concentrations of adenylosuccinate were calculated as deseribed in 
the text, 
This conversion resulted in a change in absorbance at 280 my of 10.7 per 
nicromole peril, anda change in absorbance at 200 my of 4.2 per micro: 
Hole per ml, activity wan from the rate of 
spectral change induced by the enzyme ina solution of OO55 
adenylosuccmate in 0.05 phosphate buffer, To of this solution was 
added sufficient enzyme solution to reduce the absorbance at 280 my at 
the rate of about OF per minute. At this level of activity the rate was 
constant for the first 2 or 3 minutes so that initial velocities were easily 
calculated. 1 unit of activity was defined as that amount of enzyme neces- 
sary to reduce the absorbance at 280 my by 1.0 per minute. 
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Since the adenylosuccinase reaction was reversible (Fig. 5, Curve B), ac- 
tivity of the enzyme in catalyzing the synthesis of adenylosuccinic acid 
could be measured by employing a large excess of fumaric acid. The 
substrate solution for this assay contained 3 mm fumaric acid and 0.5 mm 
adenylic acid in 0.01 m phosphate, pH 5.9. <A suitable quantity of enzyme 
was added to 3 ml. of this solution, and increments in the absorbance at 
283 my were measured against a blank consisting of substrate solution to 
which no enzyme had been added. If an amount of enzyme was used that 
increased the absorbance at the approximate rate of 0.08 per minute, a 
zero order reaction was obtained for the first 2 minutes. 

The enzyme was used to identify adenylosuccinic acid in effluents from 
chromatography. For this purpose it was necessary to adjust the pH to 


TABLE IV 
Synthesis of Radioactive Adenylosuccinate 
Compound Micromoles 
Added fumarate....................... 411 1.17 X 105 


The sodium fumarate and AMP were dissolved in 2.5 ml. of 0.1 mM sodium phos- 
phate, pH 5.75, and incubated with 20 ml. of enzyme (Fraction IV dialyzed against 
0.1 m phosphate, pH 5.8) for 1 hour. The incubation mixture was heated for 2 min- 
utes at 100° and the denatured protein was centrifuged and washed with 10 ml. of 
water. The combined supernatant solutions were chromatographed on Dowex 1- 
chloride as shown in Fig. 1. 


7.0 and the concentration to an absorbance at 280 my of 0.2 to 1.35. A 
small quantity of enzyme was added to 3 ml. of this solution. If all the 
ultraviolet absorption was due to adenylosuccinic acid, the absorbance at 
280 my decreased to about 21 per cent of the initial value. It might be 
possible to employ adenylosuccinase for an assay of adenylosuceinie acid 
and adenylie acid in biological materials, but that was not attempted in 
thin study, 

Mneyme Preparation of Carboryl Labeled Adenylonuceinie Aerd— Rado 
achive ndenylosucemio wan prepared by the enzymic condenmation of 
ndenyhe acd with C' earboxyl labeled fumarate, under the conditions 
given in ‘Table TV. ‘The conversion of adenyhe acid to adenylosuceme 
neil was 78% per cent and the speeifie radioactivity of the product was 
equivalent to that of the added fumarate, Since the fumarate was sym- 
metrically labeled, both carboxyl groups must have been incorporated into 
adenylosuccinate, 

The solution of radioactive adenylosuccinic acid from the Dowex 1-chlo- 
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ride column was rechromatographed on Dowex 1-acetate and precipitated 
as described above. 

Enzymic Degradation of C'4- Adenylosuccinate—The enzymic degradation 
of C'*-labeled adenylosuccinic acid was carried out by incubating 0.8 umole 
of the labeled compound with 0.1 ml. of adenylosuccinase (Fraction IV) 
in 0.4 ml. of 0.025 m phosphate buffer, pH 7. Immediately after the en- 
zyme was added, 0.05 ml. of the mixture was transferred into 1 ml. of hot 
water and heated for 3 minutes in a steam bath. After 40 minutes at 30°, 
the remainder of the incubation mixture was heated; 0.1 ml. of each solu- 
tion was run on a descending paper chromatogram in butanol-acetic acid- 
water (2:1:1), together with radioactive fumaric acid and malic acid for 


TABLE V 


Chromatography of Products of Degradation of Carboryl-Labeled 
Adenylosuccinic Acid 


| 
Degradation procedure Chromatographic spot R p* Net c.p.m. 
Enzymic degradation Initial AMPS 0.28 1296 
Fumarate 0.84 1040 80.4 
Adenylosuccinate 0.28 60 4.6 
Unknown spot 0.45 164 12.7 
Adenylic acid 0.23 0 0 
In HCl at 100° for 15 | Initial AMPS 0.28 199 
min. | Aglycone 0.52 156 78 


* Descending paper chromatography in butanol-50 per cent acetic acid (1:1). 


comparison. The chromatograms were scanned with a thin end window 
counter to localize and measure the radioactivity. All the radioactivity 
and ultraviolet absorption on the zero time sample migrated to the ade- 
nylosuccinate spot. After 40 minutes of incubation, chromatography 
showed 80 per cent of the radioactivity in the fumarate spot; adenylic acid 
was the only ultraviolet-absorbing component detected (Table V). 

Acid Degradation of Adenylosuccinic Acid—-Hydrolysis of adenylosuc- 
cinie acid in | N HCI at 100° for 15 minutes split the ribosyl linkage to 
yield an aglycone with an absorption maximum in acid at 275 to 2760 ma, 
The progress of this reaction, as followed by the spectral changes, in pre 
sented in Table ‘The compound has been isolated by paper and ion 
exchange chromatography! and shown to be chromatographically identi 
Cal with eynthetio 

Radioactive adenylosuecinic acid wae hydrolyzed under these conditions 
and the hydrolysate chromatographed by descending chromatography in 


ity 
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butanol-acetic acid-water (2:1:1). Only in the aglycone spot could radio- 
activity or ultraviolet absorption be detected. As shown in Table V, 78 
per cent of the radioactivity was accounted for by the aglycone spot. 

Properties of Adenylosuccinase—The purified enzyme solutions in 0.1 
m phosphate at pH 6.5 were kept for several months in the frozen state 
with little loss of activity. Dialysis against distilled water decreased the 
stability of the enzyme. In solutions of high ammonium sulfate concen- 
tration (0.4 to 0.5 saturation) adenylosuccinase was more soluble at 0° 
than at room temperature. 


TABLE VI 
Acid Hydrolysis of Adenylosuccinic Acid 
Period of hydrolysis Ratio, at 265 mp ay at 275 mp* 
a my 

Mine 

0 0.89 16.8 X 10° 

5 0.91 
10 1.03 
15 1.19 
20 1.20 16.1 X 103 


* This extinction coefficient is based upon the conversion of 1 mole of nucleotide 
to 1 mole of aglycone. Since a small amount of material may be destroyed during 
the period of acid hydrolysis, this value may be low. A solid preparation of pure 
aglycone derived by acid hydrolysis from AMPS has not been made, due to the high 
solubility of the free acid and its salts in aqueous and non-aqueous solvents. 


Prolonged dialysis against 0.1 m phosphate buffer, pH 6.5, resulted in 
only a slight loss of activity. Ethylenediaminetetraacetate, in concentra- 
tions to 0.01 m, had no effect upon the activity of the enzyme. 

The pH optimum for the degradation of adenylosuccinic acid by adenylo- 
succinase was found to be 7.0. The pH optimum for the reaction in the 
direction of synthesis was 5.9. 

Equilibrium data were obtained from measurements of the spectral 
changes when adenylosuccinase was added to a solution of adenylic acid 
and fumarie acid (synthetic direction) or to a solution of adenylosuccinic 
acid and fumarie acid (degradative direction), When the change in ab- 
sorbance ceased, more enzyme was added to insure that equilibrium had 
heen reached, ‘The concentration of adenylosucciie acid formed or de- 
was caloulated from the equation 


AU = 
17 


where AC is the change in concentration of adenylosuecinate and 
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is the change in absorbance at 280 my. In some experiments the substrate 
concentrations were too high for suitable measurements of an absorbance 
at 280 my, in which case the absorbance was measured at 290 my and the 


TABLE VII 
Equilibrium Data for Adenylosuccinase Reactions 
Concentration, mm 
pH Initial Equilibrium 

Fumarate AMP AMPS AMPS* 
6.0 2.23 0 0.0507 0.0133 6.3 
6.75 2.23 0 0.0517 0.0121 7.4 
7.0 2.23 0 0.0517 0.0125 7.1 
7.0 4.50 0.100 0 0.0374 7.5 
7.0 4.50 0.150 0 0.0588 6.9 
7.0 4.50 0.375 0 0.152 6.5 
7.0 4.50 0.750 0 0.288 6.8 
7.0 0.300 0.75 0 0.0316 6.1 
7.0 0.600 0.75 0 0.0581 6.6 
7.0 1.20 0.75 0 0.106 6.6 
7.0 2.25 0.75 0 0.176 6.8 
7.0 4.50 0.75 0 0.283 7.0 


* The quantity of AMPS formed or degraded was determined as described in the 
text. The equilibrial concentrations of the other reactants were obtained by sub- 
traction from the initial concentrations. 

fumarate/AMP 
t Ke = 


AMPS at equilibrium; 35°. 


equation used was 
Aa290 my 
4.2 


Since the publication of the preliminary report of adenylosuccinase (1), the 
equilibrium constant has been determined again with more purified enzyme 
preparations, under a variety of concentrations of the reactants, in 0.05 m 
sodium phosphate, pH! 6 to pH 7, at 35° (Table VII). ‘The average value 
was found to be 6.8 & 10-4. The method of Lineweaver and Burk (10) 
was used to determine the Michaelis constants (4,,) for each reactant in 
0.05 mM sodium phosphate, pH 7.0, at 35°. The AK, for adenylie acid was 
determined in the presence of sufficient fumarate to saturate the enzyme 
(440M), and the A,, for famare acid was determined in the presence of 
suflicient adenylio acid to saturate the enzyme (0.76 tm), ‘The A values 


AC = 
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were found to be adenylosuccinate 1.2 K 10-° m; adenylate 4.8 K 10-5; 
fumarate 5.2 X 1074 M. 

Adenine, adenosine, adenosine-2’-phosphate, and adenosine-3’-phosphate 
would not serve as substrate for adenylosuccinase. Deoxyadenosine-5’- 
phosphate, however, was a substrate for the enzyme, as measured by the 
spectrophotometric assay of activity. No spectrophotometric or chroma- 
tographic evidence for a reaction of adenylic acid with maleic, oxalacetic, 
a-ketoglutaric, malic, or malonic acid was obtained, nor did these com- 
pounds show inhibition of splitting or synthesis of adenylosuccinic acid. 


DISCUSSION 


The structure proposed for adenylosuccinic acid (1), 6-succinoamino- 
purine ribosyl-5’-phosphate, is supported by enzymic evidence for a 5’- 
nucleotide, and by the degradation of the compound synthesized from 
radioactive fumarate to an aglycone containing all the radioactivity of the 
parent compound. More definitive evidence for this structure has been 
obtained by synthesis, from 6-chloropurine and aspartic acid, of 6-succino- 
aminopurine, chromatographically identical with the aglycone derived from 
adenylosuccinic acid.} 

The réle proposed for adenylosuccinic acid in purine biosynthesis as the 
immediate precursor of adenylic acid (1, 11) has not yet been established. 
However, Abrams and Bentley (12) found the transformation of inosinic 
acid to adenylic acid to be specifically dependent upon aspartic acid in a 
soluble enzyme system extracted from bone marrow. The functional anal- 
ogy of adenylosuccinic acid with argininosuccinic acid is suggested in the 
following representation of the terminal steps in adenylic acid biosynthesis: 


(1) IMP (or precursor) + aspartic acid — adenylosuccinic acid 
(2) Adenylosuccinic acid <= AMP + fumaric acid 
SUMMARY 


Adenylic acid and fumaric acid were enzymically condensed to form 
adenylosuccinic acid by an addition reaction of the aspartase type. The 
rates of enzymic synthesis and degradation of the compound were deter- 
mined by differential spectrophotometry. Adenylosuccinic acid has been 
prepared on a millimolar scale by this enzymic reaction and ion exchange 
chromatography. The titrimetric and ultraviolet absorption properties 
of the compound have been determined, ‘These studies, and chemical and 
enzymic degradation, support the proposed structure of adenylosuccinic 
acid as G-succinoaminopurine ribosyl-5/-phosphate, It is suggested that 
acid functions in purine biosynthesia as the immediate pre- 
cursor of adenyle acid, a rOle analogous to that of in 
Arginine 
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Addendum—Lieberman (13) has reported the synthesis of adenylosuccinic acid 
from inosinic acid and aspartic acid by a purified Escherichia coli enzyme which 


catalyzes the following reaction: 


IMP + aspartic acid + guanosine triphosphate — 


adenylosuccinic acid + guanosine diphosphate + P 
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A CRYSTALLINE MACROGLOBULIN FROM HUMAN SERUM* 
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The term macroglobulin has been used by Waldenstrém (1) to designate 
proteins of human serum, generally of the y-globulin type, which have sedi- 
mentation constants in excess of s20,.. = 7 S and molecular weights above 
160,000. These molecules appear to be largely euglobulin in nature and 
can be readily demonstrated in serum by simple dilution. 

A serum showing this property was encountered and studied. The ele- 
vated globulin component was removed by ethanol fractionation and crys- 
tallized. Some of its properties are delineated in this report. 


EXPERIMENTAL 


The serum utilized was obtained from an individual actively engaged in 
farm work whose chief complaint could be readily correlated with the phys- 
ical finding of a tremendously enlarged spleen. This serum gave a heavy 
precipitate on diluting with water and contained 10.8 per cent protein of 
which 52 per cent had an electrophoretic mobility in 0.1 ionic strength, pH 
8.6, sodium diethyl barbiturate buffer near —1.7 K cm.? volt! see.—!. 
It was fractionated by the method shown in Scheme 1. The crystallization 
was repeated three times by the conditions indicated. <A yield of 1.65 gm. 
per 100 ml. of serum was obtained. Attempts to crystallize the protein of 
Precipitate A of Scheme 1 from dilute salt and from (NH,4)2SO, solutions 
were unsuccessful. A photomicrograph of the crystals is shown in Fig. 1. 
Difficulty in obtaining good preparations for photography was experienced 
due to the rapid tendency of the crystals to melt at 1-2°. The crystals 
were formed near —3° and have a relatively high rate of solution. 

The crystalline preparation was subjected to electrophoretic mobility 
and boundary-spreading (2) experiments in univalent buffers of 0.1 ionic 
strength. In the latter experiments the initial boundary was sharpened 
by the method of Kahn and Polson (3). 

Sedimentation analyses were carried out at temperatures between 1.4— 
30° in 0.2 ionic strength buffers at pH 7.4 and 4.5 with the Spinco ultra- 
centrifuge. 

* This investigation was supported in part by a research grant (C-1786(e)) of the 
National Institutes of Health, United States Public Health Service. 

Captain, United States Air Poree (Medical Corps). Present address, Sehool of 
Aviation Medicine, Iandolph Air Poree Base, San Antonio, 
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32 CRYSTALLINE MACROGLOBULIN FROM SERUM 


Rabbits were immunized to the three times crystallized protein by the 
adjuvant technique of Freund and MeDermott (4). The y-globulin portion 
ol the antiserum obtained was separated by the usual ethanol fractionation 


ethanol te 5°), concentration: tem 
perature — 2° 


Supernatant; bring to pH 7.5; 4 = 0.05; Discard ppt. 
temperature —2°; add preecooled 50% 
ethanol slowly to 20% concentration 


Supernatant discarded Crystalline protein 


ScHEME |. Fractionation scheme for preparation of crystalline macroglobulin 


procedures (5) and reconstituted to a solution of desired precipitin potency. 
Quantitative precipitin studies with this material employed the usual tech- 
niques (6). 


Results 


Klectrophoretic Studics- The descending patterns of the starting serum, 
Precipitate A of Scheme 1, and the three times crystallized macroglobulin 


» Fe i Ai \ ; if ‘ 
Fic. 1. Photomicrograph of erystalline macroglobulin 
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are Shown in Pig. 2.) The purified material migrates as a single component 
between pH 4.5 and 8.6 and has a mobility of —1.64 volt! 
the latter ‘Phe plot of mobility versus pil showin in big. 
vives al isoelectric polit ob O44. The solubility ia was also 
to be this The shape ol the jell 


colt bie ealeulated This a fairly high degree of 
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ple =6§.33 
o 
3 
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Fic. 2 Fig. 3 


Fic. 2. The electrophoretic diagrams of A, the macroglobulinemie serum, B, 


Precipitate A of Scheme 1 in diethylbarbiturate buffer, pH 8.6, and ( of the 3 
times crystallized protein in NaCl-Na cacodylate buffer, pH 6.33, for 150 minutes 
at potential gradients near 5.5 volts em. |. 

Fig. 3. The pH-electrophoretic mobility relations for crystalline macroglobulin 
in 0.1 ionic strength buffers. 


homogeneity in Comparison with most other proteins (7, 8), particularly 
when the limitations of the analytical procedure are considered (2). 
U'Utracentrifugal Studies Sedimentation diagrams of the macroglobu- 
linemic serum and the three times crystallized protein are shown in Fig. 5. 
It is apparent that the elevated globulin component is made up of at least 
four components. These appear to exist in the same ratios in the serum as 
they do in the crystallized protein. The small amount of the slowest sedi- 
menting component (sx... = 7S) is dificult to see in the serum diagram. 
It appears as a small asymmetric shoulder on the leading edge of the al- 
bumin peak. Repeated crystallization does not affect the ratio of com- 
ponents nor does a change of temperature or a pH as low as 4.5 introduce 
any changes in composition or of seo, Values. The three major components 
of the macroglobulin are asymmetric molecules as illustrated by the de- 
pendeney of their sedimentation constants on concentration (Fig. 6). 
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The material sedimenting near 7 5 as well as trace amounts of material sedi- 
menting ahead of the other proteins could not be readily subjected to this 
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hie 4. The apparent diffusion constants, D*, of ervstalline macroglobulin during 
electrophoresis at pH 6.33, ionie strength, NaCl Na eacodyvlate buffer at a poten. 
tial gradient of 2.5 volts em. '. The current was reversed at the point indicated by 


the arrow. 


Fic. 5. The ultracentrifuge diagrams of macroglobulinemic serum (upper) and of 
the three times crystallized protein (lower), in 0.2 ionic strength, potassium phos- 
phate buffer, pH 7.4, after 40 and 24 minutes, respectively, at 59,780 r.p.m.  Direc- 
tion of sedimentation is toward the right. 


analysis due to their low concentrations. Values of 18.1, 21.2, and 26.4 
S were found at infinite dilution for the three major components. 
Immunochemical Studies—The precipitin reaction of the crystalline mac- 
roglobulin with rabbit y-globulin antibody is illustrated in Fig. 7. Whole 
normal human serum (NHS) heated for 15 minutes at 56° reacts strongly 
with the antibody. However, it gives much smaller amounts of specific 
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precipitate than does the homologous reaction over the antigen range stud- 
ied. ‘The broad zone of maximal specific precipitation exhibited is typical 
of high molecular weight components reacting with their antibody. When 
the precipitin data for the reaction of heated NUS with antibody to the 
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lic. 6. The concentration dependency of the sedimentation constant for the three 
major components of the crystalline macroglobulin. 
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Fic. 7. The immunochemical reaction of crystalline macroglobulin (CA) and of 
normal human serum (NHS) with rabbit y-globulin antibody to crystalline macro- 
globulin. 


macroglobulins is interpreted in terms of the standard curve in the region 
of antibody excess, assay values of from 10 to 20 per cent for the macro- 
globulin content of NHS are obtained. The so, = 18 S component, a 
known macroglobulin (9, 10) of NHS, comprises less than 2 per cent of the 
total protein as determined by ultracentrifugal analysis. This indicates 
that antibodies to the macroglobulins studied here cross-react strongly with 
other globulins of the normal serum. 

In the succeeding paper it will be shown that all of the antibody to this 
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protein could be absorbed by normal human serum globulin fractions (11). 
This suggests that the macroglobulins studied here are identical to certain 
components present in the NHS. Agar-gel diffusion tests (12) of NHS and 
the crystalline macroglobulin revealed the presence of a minimum of five 
antigenic components. ‘Thus immunological tests support the ultracentri- 
fuge data by revealing that the crystalline preparation is a very heterogene- 
ous protein, 
DISCUSSION 


Macroglobulinemia has been proposed as a distinet disease entity by 
Waldenstrom (1), Llowever, other usually of lower sedi 
mentation constant than the protemia studied here, linve been found the 
condition ob multiple tiyelonin 17), Sotie of there bave been 
of the type nn eryoplobuling (4, Pwo sera nine 
roglobuling have been found on thie laboratory on patiente with 
mnyeloma, One of these, designated as LE, willbe diseussed in the succeed 
ing report (11). Tlence, the so ealled macroglobulins are by no means a 
rare entity. 

The macroglobulins isolated in this work appear to be the first serum 
y-globulins crystallized from fractionated material. Spontaneously erys- 
tallizing globulins have previously been reported from various pathological 
sera (18-23). Northrop (24) has also crystallized a split product of a horse 
antidiphtheric globulin produced by peptic digestion of diphtheria toxin- 
antitoxin floccules. 

The high degree of electrical homogeneity of the macroglobulin is unex- 
pected in terms of its molecular complexity. It is possible that the higher 
molecular weight portions are polymers of smaller molecules. However, 
no tendency toward dissociation or aggregation as a function of pH or tem- 
perature was noted. The ratio of components remained constant under a 
variety of conditions. Petermann and Braunsteiner (17) have found a 
cryoglobulin with macro components that existed in several different forms 
of dissociation as a function of temperature, ionic strength, pH, and protein 
concentration. 

SUMMARY 


A macroglobulin showing a high degree of electrophoretic homogeneity 
has been crystallized from human serum. It is made up of at least five 
molecular components of which three constitute the major portions. The 
material is markedly heterogeneous immunochemically and its antibody re- 
acts strongly with normal human serum. 
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ANTIGENIC IDENTITY OF HYPERGLOBULINEMIC SERUM 
COMPONENTS WITH PROTEINS OF NORMAL SERUM* 
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(From the Department of Physiological Chemistry, University of Wisconsin, 
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The elevated protein components which often characterize the sera of 
patients with plasmacytoma are generally regarded as entities not present 
in normal sera (1-6). Numerous studies on the physical and immunolog- 
ical properties of these molecules, however, have not substantiated this, 
‘The previous data do not mvalidate the concept that the hyperproteinenia 
Oban in the of certain normal serum protein com 
ponents. ‘This pomubility wae tivestigated. Globulin fractions from the 
ola eeries of patients Were separated, 
exteneively, and characterved physially  Tabbit antibody to thea 
proteins can be completely combined by reaction with globulin fractions 
prepared from normal sera. ‘This indieates that the se called pathological 
proteins have their counterparts in the sera of normal individuals and should 
he looked upon as elevations of normally present constituents. 


EXPERIMENTAL 


Proteins showing a wide range of electrophoretic and ultracentrifugal 
properties were prepared from suitable sera by a combination of ethanol 
and salt fractionation techniques. Small amounts of serum albumin could 
not be completely separated by solubility procedures from globulins PE and 
MI. ‘This appeared to be due to the high isoelectric point of the globulin 
and a resulting constant coprecipitation of a small amount of oppositely 
charged albumin. In these two cases final purification was accomplished 
by electrophoretic separation. 

A highly purified y2-globulin fraction (y2-N) was prepared by ethanol 
fractionation techniques (7) and is analogous to the preparation employed 
in previous work (8,9). A y-globulin fraction (y:-N) of approximately 60 
per cent purity was also utilized (10). It was not purified further because 
for the immunological work some euglobulin protein components having 
lower isoelectric points and also higher molecular weights than those en- 


* This investigation was supported in part by a research grant (C-1786(c)) of the 
National Institutes of Health, United States Public Health Service. 

¢t Captain, United States Air Force (Medical Corps). Present address, School of 
Aviation Medicine, Randolph Air Force Base, San Antonio, Texas. 
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tailed in the usual y2- and 7:-globulin fractions were desired. These y-glob- 
ulins were prepared from large plasma pools collected by the American Red 
Cross. 

The physical properties of the various proteins were defined in terms of 
electrophoretic mobility and heterogeneity (11, 12) and diffusion constant 
in 0.1 ionic strength buffers in which NaCl constituted 80 per cent of the 
salt. Ultracentrifuge analyses were carried out in a pH 7.4 phosphate or a 
pH 4.0 acetate buffer of 0.2 ionic strength. 

In reversible electrophoretic boundary-spreading studies at the isoelectric 
point the diffusion constants were measured by the height-area method. 
The initial boundary was sharpened by the method of Kahn and Polson 
(13). A heterogeneity constant of less than 0.1 10-5 cm.? see.— 
was considered evidence of electrophoretic homogeneity (11). 

Rabbits were immunized to the purified globulin fractions by the adju- 
vant technique of Freund and McDermott (14). The y-globulin portion of 
the serum of animals showing adequate titers was separated by the method 
of Nichol and Deutsch (15). These preparations were reconstituted into 
an isotonic saline-borate buffer of pl 7.4 to provide a system giving between 
150 and 250 of specific precipitate N at the point of maximal precipitation, 
Antigen-antibody reactions were carned out in a volume of & mil, ‘The 
amount of nitrogen in the specific precipitate wan determined by a micro 
Kjeldahl method, 

Anticomplementary activity estimations employed a commercial ante 
body to sheep erythrocytes as the amboceptor and fresh guinea pig. serum 
as the source of complement. The amount of complement necessary to 
effect, hemolysis of 0.25 ml. of a 2 per cent suspension of sensitized sheep 
erythrocytes was designated as 1 unit. The anticomplementary activity 
of the y2-globulin fraction of normal serum was compared to that of the 
hyperglobulinemic components with the use of a 50 per cent hemolysis end 


point. 
Results 


Electrophoretic Studies—Representative electrophoretic diagrams of the 
fractions employed with the exception of LE are given in Fig. 1. A plot 
of the mobility versus pH relationships for the various proteins is shown in 
Fig. 2. The detailed properties of CA, a crystalline macroglobulin, are 
given in the preceding paper (16). The protein HA is of the type designated 
as cryoglobulin (4). It is apparent that the fractions under study show a 
wide range of electrophoretic mobilities. All of the proteins except LE 
gave a single electrophoretic boundary between pH 4.5 and 8.6. The crude 
vi-globulin fraction was not studied in this respect, but purified prepara- 
tions show several electrophoretic components at pH values acid to the iso- 
electric point (12). 
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By using the pH-mobility and electrophoretic heterogeneity data the 
isoelectric point distribution of the protein fractions was determined and is 
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Fic. 3. The isoelectric point distribution of various hyperglobulinemie com 
ponents of human serum and a normal y-globulin fraction, 


presented in Fig. 3. Proteins with a value for the heterogeneity constant 
of less than 0.1 volt~! see.~! are shown as single bars at their 
isoelectric points. A limitation of this plot is that, while values of less than 
0.1 107% volt sec.~! are considered within the realm of experimental 
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error, values above this are considered a significant degree of heterogeneity. 
Thus the plots for KL and CA would indicate a higher degree of electrical 
homogeneity if the difference between their determined heterogeneity con- 
stants and 0.1 had been used. The electrical homogeneity of the proteins 
studied is in agreement with the well recognized electrophoretic sharpness 


hic. 4. Sedimentation patterns of various globulin fractions in 0.2 ionic strength, 
pH 7.4, potassium phosphate buffer. Duration of experiments in minutes at 59,780 
r.p.m. for y2-N was 48, y,-N 23, Plo 78, M165, KL 43, and HA 74 minutes. 


of the hyperglobulinemie components of multiple myeloma sera as seen in 
Fig. 1. ‘This has also been pointed out by Putnam and Udin (17) for sev- 
eral such proteins. 

Fig. 3 also reveals the marked electrical heterogeneity of the y2-globulin 
preparation which is analogous to that reported by other workers (8, 12). 
It is apparent that in terms of electrophoretic properties all of the proteins 
separated from hyperglobulinemic sera in the present work could have their 
counterparts in the highly purified y2-globulin fraction. 

Ultracentrifuge Studies—Diagrams illustrating the sedimentation be- 
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havior of the various proteins except LE and CA are shown in Fig. 4. Most 
of the preparations give a single boundary with an s9,,, near 7S. However, 
a component of near 9 8S is seen in some of the materials, notably the y2-glob- 
ulin of normal serum. This material appears to develop on aging of the 
proteins, for it is not seen in freshly prepared y2-globulin fractions (15) and 
those separated directly from serum by electrophoretic methods (18). 
Cann et al. (19) have likewise failed to observe this component in y-globulin 
fractions separated by electrophoresis convection techniques. In addition 
to the above two components it can be seen from lig. 4 that the yi-N frac- 
tion has a faster sedimenting component as previously noted (10). 


TABLE I 


Properties of Human Serum Globulin Fractions 


Anti- 


comple 

units 

perme 

| 0.42 | | 7.26 | 1.4 
HA | | | | 7.4 | 

| | $9.47) 


| 
“Them? volt lin diethyl barbiturate buffer, pH His the heterogene 
ity constant (2). 
t In-em. see. for protein coneentrations near per cent exeept for CA which 
are infinite dilution values (6). The values in parentheses are for the minor eom 
ponents, 


Various physical constants of the protein fractions employed are given in 
Table I. It can be seen that different sedimentation constants are ob- 
tained. The values for the major components of HA, KL, MI, and PE 
show differences that are far above the experimental error. Hence varia- 
tions in molecular weight among the various fractions are evidenced apart 
from the macroglobulin components of LE and CA. 

The globulin fraction LE employed was extremely heterogeneous as evi- 
denced by both its electrophoretic and ultracentrifugal properties. A frac- 
tion insoluble in 20 per cent ethanol at pH 7.4 which represents the major 
portion of the elevated serum globulin was isolated and is designated as 
Precipitate A. Upon prolonged electrophoresis at pH 8.6 it showed three 
components. At pH 6.2 this material could be separated into a pseudo- 
and a euglobulin portion. The pseudoglobulin fraction, while essentially a 
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single electrophoretic component at neutral and slightly alkaline pH, sepa- 
rates into two peaks near pH 5 as shown in Fig. 2. The electrophoretic 
patterns of the above LE fractions in pH 8.6 buffer are shown in Fig. 5. 
Corresponding ultracentrifuge diagrams at pH 7.4 are presented in Fig. 6 
and reveal that approximately 30 per cent of Precipitate A consists of three 
macroglobulins. These have sedimentation constants of 8.16, 9.94, and 
11.478. Fig. 6 shows that these components separate largely in the euglob- 
ulin fraction. It has been previously found that the soo, = 18 S ecompo- 
nent of normal y-globulin is likewise euglobulin in nature (8). 


SERUM (165 MIN.) 


PRECIPITATE A(3I0 MIN.) 


€ € 

pH 0.2 INSOLUBLE 6.2 SOLUBLE 
(180 MIN (160 MIN} 


buffer, at potentiol gradients near volte emf Phe of 
for the various ie given in 


The sedimentation constants of the higher molecular weight components 
of this serum (LE) lie below those of the erystalline macroglobulin desig. 
nated as CA (16). TPhus in terms of molecular and electrophoretic proper 
ties the fractions under discussion include a considerable number of differ- 
ent protem molecules. 

Immunological Studies Rabbits were immunized to all of the fractions 
described. The Precipitate A of the LE serum was employed rather than 
the pseudoglobulin fraction, since antibody against the discussed macro- 
globulin components was also desired. 

In preliminary studies it was found that addition of large amounts of 
whole normal human sera to a given antisera or y-globulin antibody prep- 
aration usually failed to bring the system into the antigen excess region 
characterized by complete solubility of the specific precipitate. The rdle 
of complement in this reaction will be presented.!. Continuing experiments 


> Morton, J. I., and Deutsch, H. F., Arch. Biochem. and Biophys., in press. 
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employed only the rabbit y-globulin antibody preparations and the protein 
fractions described. 

From 5 to 16 mg. of normal y2-globulin nitrogen were added to each anti- 
body preparation in an attempt to bring the system into the complete anti- 
gen excess region characterized by failure of a specific precipitate to form 
within several days at 0-2°. This is from 10 to 50 times the amount of 
antigen employed in previous work with human y-globulins (8, 9) and served 
to bring the specific precipitin reactions, due to minor antigenic components 
as well as to the major antigenic constituents, into the region of antigen 


6.2 


PU phosphate buffer of experinenta in minutes at 780 
forthe serum wae 50, Precipitate A 6.2 insoluble 55, and pil 6.2 soluble 


excess. Only the unchanged antibody of sueh an inhibited system would be 
available to form a specific precipitate upon addition of the homologous 
antigen. From 2 to 6 y of homologous hyperglobulinemie antigen N were 
then added to such systems to test for residual antibody. ‘This is sufficient 
antigen to give an amount of specific precipitate that could be detected by 
the micro-Kjeldahl method employed, but in the inhibited system is small 
enough to prevent all but trace amounts of residual uncombined antibody 
from being brought into the antigen excess zone. ‘Tests for excess antibody 
by interfacial precipitin formation were not sufficiently sensitive. 

By using such procedures it was found that antibody to all preparations 
reacted with the normal y2-globulin and that the latter protein fraction as 
well as the homologous antigens could usually be added in_ suffi- 
cient amounts to give a completely soluble antigen excess zone. When the 
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various antibody preparations that had been treated with excess y2-glob- 
ulin were tested with small amounts of the homologous antigen, no residual 
antibody was found except for LE and CA. From Table I it can be seen 
that these two proteins contained large amounts of components of sedi- 
mentation constant greater than those possessed by the y2-N globulin frac- 
tion. When antibody to LE and to CA was treated with sufficient amounts 
of ye2- and y,-globulin fractions to bring the systems into the antigen excess 
zone the addition of homologous protein failed to give any additional specific 
precipitate. A protocol of a typical experiment of the type discussed is 
given in Table II. It can be seen in the case of the LE antibody prepara- 
tion that the addition of large amounts of y2-globulin did not bring the sys- 
tem into complete antigen excess and that the supernatant solution to the 


TaBLeE II 


Inhibition of Specific Precipitation of LE with Its Antibody 
by and y;-Globulin Fractions 
| 


Reacted with | | 
+y2-Globulin | +1-Globulin | | 
me. N me. NV | N | y N 
0 | 0 | | 25* 
16.2 0 | 25 | 8.5t 


7.2 7.5 0 | ()* 


y of antigen N were added to supernatant fluid in testing for residue 
antibody, 

of Lh antigen N were added to the Muid in testing for resid 
tial antibody, 


precopilate formed still reneted with LE, ‘Phe mixture of and 
ye Hlobuling, however, reacted with allot the antibody to The 
preparation contains conmderable anvounta of an tes, eom 
ponent and more euglobulin than the yy globulin fraction, would appear 
that these are required to combine with the antibody toe LE and CA re: 
maining after reaction with y-globulin. In previous studies it has been 
shown that a y-globulin preparation contained antigenic components not 
possessed by the yo-globulin fraction (8). The results indicate that normal 
serum proteins are capable of combining with antibody directed against the 
hyperglobulinemic components of the pathological sera utilized in this work. 

In further work the ability of a given hyperglobulinemie globulin antigen 
to combine with antibody directed against each of the other globulin frac- 
tions was investigated. These studies were carried out by adding 12 mg. 
of protein N of each of the globulin fractions to an amount of antibody giv- 
ing from 150 to 250 7 of homologous specific precipitate N at the point of 
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maximal precipitation. Antibody to KL could be completely combined 
by addition of PE and CA, while all antibody to HA was combined by treat- 
ing with either KL, MI, or PE. No other antibody reaction could be com- 
pletely inhibited by a given heterologous antigen nor was antibody to KL 
and HA completely combined by proteins other than those indicated. 


TaBLeE III] 


Inhibition of Precipitin Reactions of Myeloma Proteins 
by Heterologous Human Serum Globulins 


Antibody to Reacted with* | Antibody remaining 

PE Normal y2-globulin 

Individually with MI, HA, KL, LE, CA : + 

Simultaneously with MI, HA, KL, LE, CA | + 

MI Normal ¥2-globulin | 

| Individually with PE, HA, KL, LE, CA +- 

| Simultaneously with PE, HA, KL, LE, CA + 

HA Normal y2-globulin 

| Individually with KL, MI, PE | - 

| “ LE, CA | +. 

| Simultaneously with PE, MI, KL, LE, CA 

KL Normal y-globulin | 
Individually with MI, HA, LE | 

‘* PE, CA | — 

| Simultaneously with Plo, MI, HA, Lk, CA | 

| Normal globulin | 
yoo globulin | 

Jndividually with Plo, Mi, HA, WE, CA 

Mimultaneously with Ph Mi, HA, KE CA 

Normal globulin | 
ye globulin | 

with Pb ME, | | 


*h dog of globulin No were added to ME, TA, and antibody aod 1604 
me Of Nforthe Lh and CA antibody preparations  Tohibition ettulies with 4 
globulin utilized 7.5 mg. of protemm N oof each, other individual fractions, 23 me. 
of Nj combinations of various fractions used 6 mg. of N oof each. 


| with Ph ME KE, 


These results indicate that most of the myeloma proteins studied contain 
certain antigenic determinants that are not shared. Some of the myeloma 
globulin antibody absorption results of Slater ef al. (3) are analogous to 
the above. However, in their unsuccessful attempts to absorb antibody 
completely these authors used much smaller amounts of absorbent protein 
than was employed in our work. <A further complicating factor in their 
absorption studies may have been the use of complement-containing anti- 
body preparations.' In view of our findings it does not appear that their 
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conditions for absorption of antibody to myeloma proteins by normal 
y-globulins were adequate. 

A second immunochemical approach was to determine whether the simul- 
taneous addition of all of the heterologous hyperglobulinemic proteins could 
combine with all of the antibody directed against a single component. An- 
tibody to PE, MI, LE, and CA remained after such treatment. The above 
data is summarized in Table III and indicates that PE, MI, LE, and CA 
each contain determinants not possessed by the other proteins. A com- 
bination of normal y2- and y,-globulins, however, contains all of the anti- 
genic determinants possessed by the hyperglobulinemic components stud- 
ied. 

Anticomplementary Activity—-The data of Table I reveal that certain of 
the hyperglobulinemic fractions possess considerably more anticomple- 
mentary activity than the normal y2-globulin. The pseudoglobulin portion 
of LE has relatively low activity; the euglobulin portion showed 10 units 
per mg. Most of the fractions thus show an activity that has long been 
associated with the y-globulins of human serum (20). It has been also 
- previously noted that the sera of patients with certain diseases in which 
there are marked elevations of the y-globulins are often anticomplemen- 
tary (21-24). 


DISCUSSION 


The reported studies have demonstrated the ability of globulin fractions 
prepared from normal human serum to combine with all of the antibody 
directed against hyperglobulinemic components of pathological sera. The 
implication of these studies is that the so called pathological serum glob- 
ulins each have their counterparts in normal human serum, Thus the 
pathological feature is a quantitative rather than a qualitative one as is 
usually presumed, Such a viewpomt is at variance with the conclusions 
of most workers in this field (1-6). Wuhrmatnn ef al, (25), however, have 
found that antisera to y-globulins present im elevated amounts in patholog 
eal could be completely removed by absorption with normal 
serum protemea, but that elevated A globulin components could not. 
workers use the yylobulin Fraction of the Harvard workers (26) a6 ther 
reference and consider it to be a rather diserete physical entity. “This ma- 
terial is usually more heterogeneous electrophoretically than the y»-glob- 
ulin fraction employed in this work. The wide isoelectric point distribution 
of the latter fraction is evident from Fig. 2.) Sueh material would be ex- 
pected to show considerable antigenic complexity although the physico- 
chemical properties of human serum globulins do not appear to show strong 
correlations with immunochemical reactions. 

The electrophoretic data of the fractions studied indicate that we are 
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dealing with a series of protein molecules of different charge. Further- 
more, the sedimentation constants indicate that mass variations may occur 
among the hyperglobulinemic components having molecular weights near 
160,000. Cann (27) has observed some molecular heterogeneity in human 
y-globulins separated by electrophoresis convection. Williams et al. (28) 
have also shown an antidiphtheric horse serum y-globulin fraction to be 
molecularly heterogeneous. If human y-globulins are made up of a series 
of closely related molecular weight species, the possibility exists that indi- 
viduals of these may be increased in hyperglobulinemic conditions. These 
would be reflected in the production of fractions with small but discrete 
molecular weight differences as noted for the fractions studied here. Sim- 
ilar variations in the sedimentation behavior of isolated hyperglobulinemic 
serum components have also been observed by Putnam and Udin (17). 

It is not surprising that two multiple myeloma proteins may show no 
immunological cross-reaction, but both will react with antibody to a human 
y-globulin fraction (3). y-Globulin represents a variety of molecules, some 
of which have antigenic determinants in common with myeloma proteins 
and with each other and thus should show strong cross-reactions (8,9). <A 
given myeloma protein, however, would not be expected to remove all of 
the antibody to normal y-globulin as previously shown (29). The elevated 
serum proteins seen in multiple myeloma as specific portions of the normal 
y-globulin fraction thus possess narrower ranges of antigenic determinants 
than the latter proteins. Some of these myeloma proteins may not share 
those of another myeloma protein, but they all appear to possess some of 
those of the complex y-globulin fraction. 

In previous studies from our laboratory it has been shown that fractions 
from normal human y-globulins may be prepared which vary both in phys- 
ico- and immunochemical properties (8). Furthermore, the hyperglobu- 
linemic myeloma serum of the y2-globulin type reacts with rabbit antibody 
to normal y-globulin fractions much like normal human sera 
trast ay, globulin type myeloma serum shows quite different behavior, as 
would be expected, 

‘Thus the conclusion most in keepig with the available at the pres 
ent Gime is that in certain pathological states, notably plasmacytoma, 
certain serum globulins are synthesized in abnormally large amounts,  Sueh 
sera may serve as source material for wolation of globulin components which 
oceur in normal serum in such minute amounts that difficulty is experienced 
in separating them from other proteins of similar charge and solubility prop- 
erties, 

An additional point of interest are the Bence-Jones proteins which 
accompany all cases of plasmacytoma in varying degree (30). These pro- 
teins have been shown to possess certain immunochemical properties in com- 
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mon with normal serum proteins (31) and appear to be incomplete syn- 
thetic products of the elevated serum globulin molecules. Further studies 
of such possible relationships are indicated. 


SUMMARY 


A series of hyperglobulinemic components of human sera has been sepa- 
rated. They can be clearly distinguished by their physical properties. 
Rabbit antibody to each of these fractions can be completely combined by 
reaction with normal human serum globulin components. This indicates 
their antigenic identity with protein components of normal human serum. 


Addendum—Since our work was submitted for publication a paper by Smith et al. 
(32) has appeared which likewise suggests ‘‘that individual myeloma globulins are 
probably normal components of serum which are present in excessive amounts.”’ 
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Recent studies in vitro of tyrosine metabolism have revealed the distri- 
bution and the réle of the tyrosine-a-ketoglutaric acid transaminase system 
(1-8). In certain of these studies the obligatory rdéle of this transaminase 
as a first step in the conversion of tyrosine to homogentisic acid has been 
indicated (6-8). The present study is concerned with the partial purifica- 
tion of dog liver tyrosine-a-ketoglutaric acid transaminase and defines some 
properties of the following reaction system. 


Reaction A 


Reaction B 


L-Tyrosine + a-ketoglutaric acid < 


p-hydroxyphenylpyruvic acid + t-glutamie acid 
EXPERIMENTAL 


p-Hydroxyphenylpyruvic acid was prepared enzymatically from tyrosine 
by the method described by Meister (9, 10), with a few modifications. It 
was observed that the a-keto acid crystallized as it was washed through the 
Dowex 50 column. The crystals were collected and purified by recrystalli- 
zation from alcohol-water.! 

Pyridoxal phosphate (calcium salt) was kindly supplied by Dr. W. W. 
Umbreit, of the Merck Institute for Therapeutic Research. 

Standard Incubation Conditions and Assay of p-Hydroxyphenylpyruvic 
Acid—Preincubation of pyridoxal phosphate (15 y) with the enzyme (20 
minutes, 38°) was followed by addition of 2 wmoles of L-tyrosine; after a 
second incubation period (LO minutes, 88°), 2 wimoles of a-ketoglutaric acid 
were added to initiate the reaction. ‘The total volume was 3.2 mil, in 0.05 
M sodiiin phosphate buffer, pll 7.45. Deprotemization was carried out 
by the addition of of an aqueous solution b of tr 
chloroneetie nerd per ol With) less preparations, poly 
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droxyphenylpyruvic acid was found to disappear under conditions of the 
incubation. This was minimized by conducting these incubations in an 
atmosphere of nitrogen. In all cases, incubations were performed in du- 
plicate and were found to agree within +4 per cent. The solution, after 
deproteinization, was assayed by a modification of the Briggs method (11), 
as follows: To 3.3 ml. of the deproteinized reaction mixture were added 
1.7 ml. of water and 2.0 ml. of the ‘“‘mixed reagent.”” (The “mixed reagent”’ 
is freshly prepared on an equivolume basis from stock solutions of 3 per 
cent ammonium molybdate ((NH4)sMo7Oo4-4H2O in 5 N HCl and 1 per 
cent aqueous KH2P0,). The optical density of the resulting colored solu- 
tion was read after 1 hour on a model DU Beckman spectrophotometer at 
8500 A. The extinction coefficient of the colored complex is 4100 at a 1 
M concentration of p-hydroxyphenylpyruvie acid. 

Analysis of Other Reaction Components—A specific enzyme of E’scherichia 
coli, glutamic acid decarboxylase, was used for measurements of glutamic 
acid. Colorimetric assay of a binary mixture is possible if a standard curve 
is set up for each of the components and if the molar sum of the two com- 
ponents is known. A procedure based on this principle was carried out 
for the assay of the pair, a-ketoglutaric acid plus p-hydroxyphenylpyruvic 
acid, and the combination, tyrosine plus p-hydroxyphenylpyruvic acid. 
A slight modification of the 2 ,4-dinitrophenylhydrazone method (12) was 
used in the determination of the keto acids, and an adaptation of the Folin 
method (13) for the latter mixture. 


Purification Procedures 


Definition of Terms— 

Protein Concentration—Protein concentration was determined spectro- 
photometrically with a model DU Beckman spectrophotometer. The fol- 
lowing formulation (14) was used: 


Mg. of protein per ml. = 1.55 K Eosooa — 0.755 K Eeogooa X& dilution factor 


Specific Activity of Enzyme Preparations—The specific activity is ex- 
pressed as enzyme units per mg. of protein and represents the micromoles 
of p-hydroxyphenylpyravie acid formed per mg. of protein ii the imeuba- 
tion muxture ($2 mil) per hour when the standard meubation conditions 
and a vero order reaction rate are ised. 

Purification Factor purification faetor represents the ratio of the 
aeliwity ob a given puritied Traction to the speciio aetivity of the 

of Patracte of Aeetone Powdera Acetone powders were pire 
pared immediately procurement of the tisenes, standard low tempern 
techniques were Phe powder was died deste 


| 


Z. N. CANELLAKIS AND P. P. COHEN 5d 


cator containing Alumina for a minimum of 12 hours prior to extraction. 
Extraction of the acetone powder was carried out as follows: 10 volumes of 
cold 0.01 m sodium phosphate buffer, pH 7.35, were added to each gm. of 
acetone powder. The mixture was stirred with a magnetie stirrer in the 
cold room for 15 minutes and then centrifuged (16,000 * g) for 20 minutes. 
The resulting supernatant solution was used. 

Dialysis of the acetone powder extract was carried out in the cold room 
against distilled water under continuous stirring with a magnetic stirrer. 
The extract from 25 gm. of acetone powder was divided between two dialy- 
sis bags and allowed to dialyze against 4 liters of ice water. The first 
water change was usually made after about 5 hours of dialysis, followed by 
a second for a total dialysis time of 12 hours. Further changes depended 
on the duration of the dialysis procedure. At the termination of dialysis, 
the sample, which may be somewhat turbid, depending upon the duration 
of dialysis, was centrifuged for 20 minutes (16,000 X g) in the cold room 
and the supernatant fluid (Fraction E) decanted and saved. The small 
amount of precipitate (Fraction D) was collected and taken up in 20 to 
25 ml. of 0.05 m sodium phosphate buffer solution, pH 7.35. This solution 
was then centrifuged for 1 hour (16,000 * g) and the supernatant fluid 
(Fraction F), which is enzymatically active, was saved. 

Ethanol Fractionation—Ethanol fractionation at low temperature was 
carried out under the conditions described by Cohn ef¢ al. (15). An ap- 
proximately 0.6 per cent protein solution in 0.013 m sodium phosphate 
buffer, pH 7.35, was used. 


RESULTS AND DISCUSSION 


Dog liver, which was chosen as the starting material for purification of 
the tyrosine-a-ketoglutaric acid transaminase, was first assayed in order to 
determine the intracellular distribution of the enzymatic activity and re- 
covery of the enzyme in acetone powders. From ‘Table I, which describes 
the intracellular distribution of tyrosine-a-ketoglutaric acid transaminase, 
it may be observed that there is a distribution of the enzyme between the 
supernatant layer and the precipitate from a high speed centrifugation 
(16,000 % g), with the greater portion of the activity in the supernatant 
fraction, Since the results have tmidicated a distribution of the enzyme 
activity i the (wo fractions, it was decided to take wi acetone powder of 
Whole liver, Acetone powders yielded a good recovery of the enzynintie 
welivily (Pable and were cubeequently teed ae the starting material 
lor further fractionation. A flow diagram deecibing Che course of 
ration ie presented ae Scheme 

Some attempts were made to fractionate the buffer extracts of acetone 
powders of dog liver after they had been subjected to a dialysis period of 
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approximately 16 hours (Fraction E). Potassium phosphate which was 
used in a salt fraction method (16) proved unsatisfactory. Alcohol frac- 


TABLE I 
Intracellular Distribution of Transaminase Activity in Liver Fractions 


Glutamic acid formed 
System 
Supernatant fluid Precipitate 
pmoles pmoles 
Minus a-ketoglutaric acid................... 0.2 0.6 


The assay system was as follows. 15 7 of pyridoxal phosphate, 20 umoles of a- 
ketoglutaric acid, and 20 umoles of tyrosine (suspension) were added to small Erlen- 
meyer flasks and brought to volume with 0.05 m sodium phosphate buffer, pH 7.35. 
After addition of the enzyme and flushing with nitrogen, the samples were incubated 
with continuous shaking for 70 minutes at 38°. Heat denaturation was followed by 
glutamic acid determination, in which £. coli glutamic acid decarboxylase was used. 
Tissue fractions were prepared as follows. An isotonic KCl] homogenate of fresh 
dog liver was centrifuged for 60 minutes at 16,000 X g; the precipitate was brought to 
the same volume as the supernatant fluid, and both preparations were dialyzed 
against 0.01 m sodium phosphate buffer, pH 7.35, for 15 hours. Equal volumes of 
each enzyme fraction were taken for assay. 


TaBLeE II 
Recovery of Enzyme in Acetone Powder Preparation of Liver 


Extract of 
Liver preparation HO homogenate | KCI homogenate acetone powder 


umole glutamic acid | glutamic acid ymole glutamic acid 


Complete system. . 0.031 0.035 0.031 
Minus 0.006 0.009 0.003 


H,O homogenate represents a preparation of whole liver homogenized in a Waring 
blendor with H.O for 1.5 minutes; KC] homogenate represents a similar preparation, 
but with isotonic KCI in place of H,O; the extract of acetone powder represents a 
phosphate buffer extract (pH 7.35) of acetone powder prepared from whole liver. 
‘The assay system is the same asin ‘Table lL. ‘The incubation period was 60 minutes, 
Micromoles of glutamic acid formed are on a wet weight per mg. of liver basis, 


Hionation ab low temperature, on the other hand, yielded rather 
wae observed that the precipitate trom a per cent ethanol 
Contained tore Chan OO per cent the Colal enzyme whieh was 
rovovered, whereas the precipitate from per cont ethanel contained leas 
than dO percent, Thaddition, when the precipitate from per cent etha 
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nol was taken up with water the activity remained behind in the water-in- 
soluble material. 


Fresh whole liver (A) 


Acetone powder (B) 
Buffer extract (C) 
| (C)/(B) P.F. 4-5; recovery 100% 
Ppt. (D) formed during dialysis Supernatant (EF) 
(E)/(C) P.F. 0.5; recovery 48-60% 


Buffer extract (F) 
I (F)/(C) P.F. 11-12; recovery 22-32% 
Dialyzed buffer extract (G) 
 (G)/(®) P.F. 1.2; recovery 82% 
Alcohol fractions 
15% alcohol ppt. (H) 
(H)/(G) P.F. 1.5; recovery 75% 
30% alcohol ppt. (1) 
(I)/(G) P.F. 0.9; recovery 24% 


ScHEME 1. Fractionation scheme for the recovery of tyrosine-a-ketoglutariec acid 
transaminase from dog liver. P.F., purification factor. 


TaB_eE III 
Effect of Dialysis on Activity 
Ratio of — — 
1 ion 
, . extinction,| Specific recovered Per cent fact 
Preparation II 2600 300 activity per am. B related to 
on 
powder B) 
Undialyzed (Fraction C) 1.24 0.16 39.0 100 4 
21 hr. supernatant (Fraction lL) 0.85 0.10 23.6 60 2 
21 ‘* ppt. (Fraction F) 1.49 1.82 8.8 22 47 
27 ** supernatant (Fraction I) 0.87 0.08 18.9 48 2 
27 “ ppt. (Fraction F) 1.37 1.73 11.8 30 44 


* Preparation IL refers to a fresh acetone powder trom twenty four dog livers. 
‘The basic specific activity (Praetion A) is 0.042. 


During the course of a to hour dialysis period, a siiall aniount of 
precipilate Was observed to appear which was active, an 
Cheme clata it he obeervedt that, ilinly 
sie, total of about BO percent of the orginal activity of the acetone 
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ders is retained. The small amount of precipitate which appeared during 
the course of the dialysis represents the more active enzyme fraction. This 
precipitate, which shows a purification factor over the initial acetone pow- 
der of from 44- to 63-fold, retained from 22 to 32 per cent of the total activ- 
ity. 

As dialysis of the buffer extract of the acetone powder against water is 
continued and the active enzyme is precipitated, the pH is observed to 
drop from the pH of the buffer. A pH value of 5.85 for the contents of 
the dialysis bag was reached after 44 hours of dialysis, the time of maximal 
enzyme precipitation. : 

The observation has been made that 0.9 per cent NaCl is as effective as 
0.05 N sodium phosphate buffer, pH 7.35, in the extraction of the enzyme 
from the dialysis precipitate. A phosphate buffer solution of the precipi- 
tate formed during the dialysis (Fraction F) was found to be stable for at 
least 1 week when stored in the refrigerator. Attempts to dialyze this 
enzyme preparation free of buffer (30 hours and final phosphate concentra- 
tions of 5 & 10-4 mM) resulted in practically equal distribution of the en- 
zyme activity and protein between the supernatant fraction and the pre- 
cipitate. 

The activity of the enzyme was found to be considerably depressed in 
the presence of 10-? m iodoacetate. Samples of acetone powder and Frac- 
tion F (after lyophilization) show no loss in activity when stored under at 
vacuum for periods of from 6 to 9 months. 

The data which define the variation in the rate of reaction as a function 
of protein concentration show a curve (Fig. 1) which represents maximal 
specific activities at low enzyme concentrations. ‘The relationship between 
the velocity of the reaction and enzyme concentration is close to linearity 
at low enzyme levels. As the protein concentration increases, however, 
there is a pronounced change in the slope of the curve. This effect can be 
explained on the basis of an inhibition by p-hydroxyphenylpyruvie acid on 
the system. As little as 0.25 umole of p-hydroxyphenylpyruvic acid has 
been found to inhibit the system to a significant extent. In order to mini- 
mize this effect in assaying, aliquots of enzyme were used which represented 
in each case a given amount of reference material, the acetone powder. 
Thus, the difficulties of a varying specific activity associated with the ef- 
fect of enzyme concentration have been minimal. 

In preparation for alcohol fractionation at low temperature the buffer 
concentration of Fraction was lowered by dialysis, yielding Praction G. 
Methanol fractionation was then carried out, yielding Fractions and 1. 
Jn contrast to the precipitate resulting from SO per cent ethanol, the 15 
per cent ethanol cut had $ tines the activity (74 per cent versus 24 per cout 
of the recovered welivity) and a higher purification factor veraua OM 
When compared with Praction 
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The over-all recovery and purification of the dog liver enzyme up to and 
including Fraction H represent a total cumulative purification factor in 
the range of 80 to 110 and a recovery of from 13 to 20 per cent of the activ- 
ity originally present in the acetone powder. 

An ultracentrifugal sedimentation pattern of Fraction H was obtained 
and analysis showed one peak with an uncorrected sedimentation constant 
of 5.3 s. 

A microcell electrophoretic analysis of Fraction H showed that the sam- 
ple, which appeared to be homogeneous in the ultracentrifuge, is heterogene- 
ous electrophoretically.2, The electrophoretic data (potassium phosphate 
buffer, pH 7.4, ionic strength, 0.2; temperature, 1°; 4 K 10-* amperes; 


-HYDROXYPHENYLPYRUVIC 
ER HOUR PER ml. 
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ACID FORMED P 


PROTEIN 
CONCENTRATION 
iq 


0.50+ 
0.60 


0.20r 
0.40r 


MICROMOLES p 


Fia. 1. Effect of enzyme concentration on enzyme activity. The standard incu- 
bation conditions and assay of p-hydroxyphenylpyruvic acid were used. Incuba- 
tions were carried out for 20 minutes with enzyme Fraction F. 


time, 220 minutes) indicate that at least three components are present, the 
middle component having a mobility of 1.4 * 10-5 sq. cm. per second per 
volt, the slowest fraction a mobility of 0.6 * 10-5 sq. cm. per second per 
volt, and the fastest moving component a mobility of 2.1 & 10-5 sq. em. 
per second per volt. The middle component proved to be the only en- 
zymatically active fraction. The appearance of a striking blue-green color 
was noted in association with the middle component and in the material 
present in the base of the electrophoresis cell. Emission spectrum analysis 
of this fraction revealed the presence of copper.s A positive réle for cop- 
per in the transaminase reaction was not demonstrated in the preliminary 
experiments designed to test this pomt. Whereas divalent copper has no 


‘‘Thatks are extended to it) Hook, Departinent of Miochemistvy, University 
ol for this analysis 

‘'Thathe are extended ta Mi Departinent of Chomiotiy, University of 
Wistonoin, far this analyais 
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effect on transaminase at levels of 10-* mM, as much as 60 per cent inhibition 
is observed at levels of 10-*m. Neither Versene-EDG (N-hydroxyethyl- 
iminodiacetic acid) nor pyrophosphate has any inhibitor effect at levels of 
to m. 

An enzyme preparation of the same order of purity as that which was 
used in the ultracentrifugal and electrophoretic studies (Fraction H) was 
subjected to alcohol fractionation on a micro scale at different pH values 
between 5.1 and 8.8 and at constant ionic strength (u = 0.032). The fol- 
lowing conclusions may be drawn from the results of the alcohol fractiona- 
tion studies over the pH range of 5.1 to 8.8. (a) Fraction H was found to 
be least soluble at the lower pH levels. Between pH 5.1 and 6.8 this frac- 
tion was found to be soluble to the extent of only 0.75 per cent. (b) The 
0 to 20 per cent alcohol precipitate showed maximal enzyme activity and 
recovery of enzyme in the higher pH region. In all cases the precipitate 
from fractions corresponding to 0 to 20 per cent alcohol with 2 per cent 
NaCl and 20 to 36 per cent alcohol with 2 per cent NaCl was inactive. 
(c) A moderately high ultraviolet ratio of 2600 A:2800 A absorption is 
associated with enzyme fractions of high activity. 

Additional efforts to alter the 2600:2800 A ratios included mild heat 
treatment, low pH, and the use of salmine precipitation (17). In the latter 
case it was observed that the enzyme activity fell as the 2600:2800 A ratio 
fell. Since the ratio of extent of the reaction divided by the 2600:2800 A 
value remained constant, both before and after treatment with salmine, 
this might be interpreted to indicate a correlation between enzyme activity 
and the presence of material absorbing at 2600 A. However, further at- 
tempts to establish this relationship more directly have led to equivocal 
results. 

The balance study in Table IV presents data which adequately confirm 
the net stoichiometry of the over-all reaction in which 1 mole of a-ketoglu- 
taric acid and 1 mole of tyrosine interact to yield 1 mole of glutamic acid 
and 1 mole of p-hydroxyphenylpyruvic acid. This balance has been veri- 
fied in both the forward and the reverse reactions, A and B. 

It has been observed that, even after 3 hours of incubation, equilibrium 
was not attained in either the forward or the reverse reaction. At equi- 
molar substrate levels the forward reaction proceeds more rapidly than the 
reverse. In the experiment reported here, the ratio of the extent of the 
forward to the reverse reaction after a 3 hour incubation is 1.60. A dupli- 
cate experiment at different enzyme levels revealed a ratio of 1.46. Fur- 
ther attempts to establish the equilibrium constant for the system showed 
that the forward reaction may proceed to 50 per cent completion with no 
evidence of a plateau in the activity, indicating that the position of equilib- 
rium is in favor of the formation of glutamic acid and p-hydroxyphenyl 
pyruvie acid, 
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A comparison of the relative abundance of the tyrosine-a-ketoglutaric 
acid transaminase enzyme in tissues from various sources revealed that 
liver is the most active of all the dog tissues which were measured. The 
data recorded in Table V indicate that heart has tyrosine-a-ketoglutaric 


TABLE IV 
Balance Study of Tyrosine-a-Ketoglutaric Acid Transaminase System 
Ti f E | Gl p-Hy droxy- a-Keto- 
Ars. per cent* umoles pumoles pmoles pmoles 
Forward reaction 0 0.06 0.00 5.00 5.00 
1 30 1.52 1.45 3.56 3.60 
2 39 1.93 1.92 3.10 3.22 
3 42 2.08 2.12 2.82 2.88 
Reverse reaction 0 0 4.98 4.97 0.01 0.06 
1 ) 4.54 4.56 0.36 0.29 
2 14 4.28 4.09 0.55 0.99 
3 26 3.68 3.78 0.90 1.46 


* Determined on the basis of the Briggs assay in the direction of the reaction des- 
ignated. Components of systems assayed as described in the text. 


TABLE V 
Tyrosine-a-Ketoglutaric Acid Activity in Different Tissues 
Animal Tissue Tissue activity* 
Pigeon Liver 2.8 
Rat 2.5 
Cow 1.0 
Rabbit 24.4 
Dog 4% 41.8 
Heart 3.7 
Kidney 2.3 
Thyroid 
Brain 1.0 
Spleen 0.2 
* Tissue activity = (micromoles p-hydroxyphenylpyruvie acid formed)/(hour 


xX gm. acetone powder). 


acid transaminase levels less than 10 per cent of those found in liver. This 
is in contrast with the distribution of rat L-glutamic-oxalacetic acid trans- 
aminase, which is present in higher concentration in muscle than in liver 
(18). 

ln a Comparison of liver from various species, dog liver showed maximal 
aclivily, Whereas rabbit, the only other comparatively good source of the 
enzyme, has about 60 per cent of the activity of dog liver, 
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SUMMARY 


Lt-Tyrosine-a-ketoglutaric acid transaminase from dog liver has been 
purified approximately 100-fold. The net stoichiometry of the transamina- 
tion reaction has been verified. A tissue distribution study has been re- 
corded, and various properties of the dog liver enzyme system have been 
discussed. Distribution of the enzyme in different tissues of dog and in 
liver of different species has been studied. ‘The properties of L-tyrosine- 
a-ketoglutaric acid transaminase have been discussed. 
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The partial purification and distribution of the tyrosine-a-ketoglutaric 
acid transaminase in addition to the stoichiometry of the enzymatic reac- 
tion have been described in the previous paper (1). The present study 
will describe further properties of the partially purified enzyme with partic- 
ular reference to kinetics and substrate specificity. 


EXPERIMENTAL 


In all the studies the standard incubation and assay procedure for p-hy- 
droxyphenylpyruvic acid previously described were used (1). The enzyme 
used was a preparation corresponding to Fraction F (1). The reader is re- 
ferred to the preceding paper (1) for a definition of terms. 

The buffers employed in studying the pH-activity curve included sodium 
acetate for pH range 4.0 to 5.0, sodium phosphate in the pH range 5.7 to 
7.8, and sodium borate for pH values from 8.4 to 10.1. The pH values 
were checked both at the beginning and at the termination of the incuba- 
tion period and found to remain constant. In all assays the buffer concen- 
tration was maintained at 0.041 m. In the enzyme system under investi- 
gation at pH 7.3, variation in buffer composition and ionic strength within 
the limits used in the study of the pH-activity curve did not seem to have 
any appreciable effect on enzyme activity. The following analogues were 
kindly made available for this study from the indicated sources: D-tyrosine 
(Dr. J. P. Greenstein, National Cancer Institute, Bethesda); 3 ,4-dihy- 
droxypheny]-L-alanine and 2 ,5-dihydroxyphenyl-t-alanine (Dr. B. N. La 
Du, Jr., National Heart Institute, Bethesda); p-hydroxyphenylacetic acid 
(Dr. F. M. Strong, Department of Biochemistry, University of Wisconsin, 
Madison); p-nitrophenyl-pL-alanine, o-hydroxyphenyl-pDL-alanine, and 
m-hydroxyphenyl-pL-alanine (Dr. C. Mitoma, National Heart Institute, 
Bethesda); o-hydroxyphenyl-pL-alanine (Dr. Lichtenstein, Department of 


* This study was supported in part by grants from the Wisconsin Alumini Re- 
search Foundation and the Rockefeller Foundation. 

t Predoctoral Fellow of the United States Public Health Service. Present ad- 
dress, Department of Biochemistry, Yale University, New Haven, Connecticut, 
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Biological and Colloid Chemistry, Hebrew University, Jerusalem) ; 3-fluoro- 
DL-tyrosine (Dr. C. Niemann, Department of Chemistry, California Insti- 
tute of Technology, Pasadena); N-acetyl-a ,6-dehydrotyrosine (Dr. P. §. 
Cammarata, G. D. Searle and Company, Chicago). 


RESULTS AND DISCUSSION 


pH-Activity Curve—Fig. 1 shows a plot of the effect of pH at two differ- 
ent incubation periods (20 and 40 minutes) on transaminase activity. 
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Fig. 1 Fig. 2 

Fic. 1. The effect of pH on enzyme activity. The standard incubation conditions 
and assay of p-hydroxyphenylpyruvic acid were used. Curve A represents data 
obtained with a 20 minute incubation period; Curve B, with a 40 minute incubation 
period. 

Fic. 2. The effect of pyridoxal phosphate on enzyme activity. The standard in- 
cubation conditions and assay of p-hydroxyphenylpyruvic acid were used. Incuba- 
tions were carried out for 40 minutes. Final volume, 3.2 ml. 


The over-all proportions of the curve describing the effect of pH on en- 
zyme activity suggest a rather sharp pH optimum at about 7.7. It is 
interesting to observe that, as the incubation time is increased, the velocity 
of the reaction as extrapolated to an hourly basis decreases significantly 
only in the region of the optimal pH. This effect is explained on the basis 
of inhibition by p-hydroxyphenylpyruvic acid on the system. The inhibi- 
tory effect of the reaction product would be expected to be greater with 
longer incubation. | 
| Effect of Pyridoxal Phosphate—The effect of pyridoxal phosphate on the 
velocity of the reaction (Fig. 2) reveals that the system is saturated at low 
levels of coenzyme. Concentrations of less than 0.1 y per ml. of pyridoxal 
phosphate raise the activity from a value of less than 2 per cent of maxi- 
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mum in the absence of pyridoxal phosphate to 90 per cent of the maximal 
levels attained. Complete saturation is reached at concentrations of 1 y 
per ml.; the latter corresponds to a molar ratio of tyrosine to pyridoxal 
phosphate of 167 to 1. A kinetic evaluation of these data yields a Micha- 
elis constant of the order of magnitude of 10-® molar for pyridoxal phos- 
phate. It will be observed by comparing the K,, values for tyrosine and 
a-ketoglutaric acid with the K,, value for pyridoxal phosphate that there 
is approximately a 10,000-fold difference between the substrate and the 
coenzyme K,,. A recent study of another pyridoxal phosphate-containing 
enzyme (2), serine dehydrase, reported values of AK, for the substrate, 
serine, to be about 100 times greater than that for pyridoxal phosphate, 
the coenzyme. A comparable order of magnitude also represents the dif- 
ference in K,, values between substrates and coenzyme in the L-glutamic- 
oxalacetic acid transaminase system (3, 4). 

Experience with the L-glutamic-oxalacetic transaminase enzyme has indi- 
cated that, once resolution of the enzyme and the coenzyme has occurred, 
only a fractional restoration of activity is possible by the addition of pyri- 
doxal phosphate (5). In contrast to these studies, evidence with the 
L-tyrosine-a-ketoglutaric acid transaminase system suggests that levels ap- 
proaching complete reactivation are realized by the addition of pyridoxal 
phosphate to an essentially resolved enzyme. Thus it was observed that 
during fractionation, as dialysis proceeds and the precipitated (or resolved) 
enzyme appears (Fraction D), the total recovery of the enzyme may be 
maintained at levels of about 80 per cent. Levels of this order of magni- 
tude would not be expected if the resolved enzyme were inactivated irre- 
versibly to any significant extent. 

The extent to which pyridoxal phosphate can activate the tyrosine- 
a-ketoglutaric acid transaminase at various stages of the fractionation of 
the enzyme was investigated. The freshly extracted and undialyzed en- 
zyme is minimally activated by pyridoxal phosphate; supernatant fractions 
obtained during dialysis display a greater per cent enhancement of activity, 
while the precipitated enzyme shows maximal enhancement. 

Kinetic Studies—Kinetic studies were designed in order to define the 
relative rates of the forward and reverse reactions (Fig. 3) and to evaluate 
substrate affinities. Such a study may be carried out at any level of puri- 
fication of the enzyme, provided that there are no side reactions which 
would affect the stoichiometry of the net reaction. This condition has 
been satisfied for the enzyme system under consideration (1). 

Since the coenzyme is required in catalytic amounts, its concentration 
is held at a high and fixed level when the substrate dependence of the en- 
zyme is measured. Thus, it is considered, along with the temperature, 
volume, pH, ionic strength, and fixed concentration of the second substrate, 
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to constitute a parameter of the system. As pointed out by Alberty (6) 
in his discussion of the mechanism of enzymatic reactions involving two 
reactants and two products, when the substrate dependence of one of the 
substrates is assayed the other must be held at a concentration sufficiently 
high so that an increase in its concentration does not affect the rate. When 
such a condition cannot be satisfied, an alternative approach is to measure 
the velocities at two different initial concentrations of the fixed substrate. 
The data thus obtained may then be used in determining the Michaelis 
constants of the components of the reaction and the rate constant for the 
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Fic. 3. Substrate dependence of transamination with tyrosine and a-ketoglutaric 
acid as substrates. Curves A, A’, a-ketoglutaric acid is the substrate in varying con- 
centrations; Curves B, B’, tyrosine is the substrate in varying concentrations; Curves 
A, B, fixed substrate is held at levels of 6.3 K 10-4m; Curves A’, B’, fixed substrate 
is held at levels of 9.4 K 10-4 M; substrate ratio: (molarity of substrate in fixed con- 
centration/molarity of substrate in varying concentration). The standard incuba- 
tion conditions and assay of p-hydroxyphenylpyruvic acid were used. Incubations 
were carried out for 20 minutes. 


over-all reaction, K4,, from the equation derived by Alberty (6) 


vA = 
Ka | Kap 


in which K, and Kg are Michaelis constants for A and B, respectively, 
Kuz is the Michaelis constant for the over-all reaction with substrates A 
and B, v4 is the initial velocity of the reaction at given concentrations of 
A, B, and V; is the maximal initial velocity of the reaction with substrates 
A and B. Graphic evaluation of the data, according to Lineweaver and 
Burk (7), has yielded Michaelis constants of 1.6 10-4 Mm and 7.1 10 
M for a-ketoglutaric acid and tyrosine, respectively. It should be pointed 
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out that for these calculations only those data have been used which are 
outside the limits of the phenomenon of substrate inhibition as described 
by Curve A (Fig. 3). 

This same approach may be used to identify the instance in which one 
of the substrates will react with the enzyme to form a product, and to dis- 
tinguish it from the situation in which a reaction involving the second sub- 
strate occurs prior to the formation of product from the first substrate. 
The former obtains when the Kys term is zero. Such an analysis might 
be a first step in an evaluation of the transaminase scheme proposed by 
Schlenk and Fisher (8). In their scheme, the first substrate, tyrosine, 
would give rise to the product, p-hydroxyphenylpyruvic acid, before the 
second substrate, a-ketoglutaric acid, would participate, yielding in turn 
glutamic acid; the connecting link between these two separate half steps 
of the over-all transamination reaction would be the amino group carrier. 
When analyzed kinetically, this over-all scheme, composed of a two-step 
sequence, would be characterized by a Kus value of zero. Since the ex- 
perimentally determined value for the constant Ky4s is close to zero, this 
lends support to a transamination scheme composed of two such separate 
half steps. More data than are available at present are necessary, how- 
ever, for a statistical evaluation of the significance of this K4s value. 

In an examination of the reverse reaction, it was observed that the veloc- 
ity of the reaction is a positive function of the glutamic acid concentration. 
The activities are so low, however, that no attempt was made to evaluate 
the Michaelis constants. In the case in which p-hydroxyphenylpyruvic 
acid was used as the variable substrate, levels as low as 10~* m were found 
to display substrate inhibition. It is interesting to note that in both the 
forward and reverse reactions substrate inhibition was observed with the 
respective a-keto acids. In neither case, however, was it shown with the 
amino acid when used in comparable concentrations. 

Substrate Specificity—A study of various tyrosine analogues and other 
compounds was undertaken in an attempt to assay the substrate specificity 
of the enzyme and to define, if possible, the active groups of the substrate 
molecule. The data are summarized in Table I. 

It is apparent that neither pyruvic acid nor oxalacetic acid may substi- 
tute for a-ketoglutaric acid. In an attempt to define the rdéle of the ben- 
zene fragment of tyrosine, a series of benzene derivatives (Table I, Ana- 
logues 4 to 18) was tested. These compounds were tested first as to their 
capacity to replace tyrosine. The results are presented under “Apparent 


transamination” in Table I. The primary aim of this assay was to deter- . 


mine the extent to which these compounds would be chromogenic in the 
assay procedure after being exposed to the conditions of the enzymatic in- 
cubation. None of these proved to be chromogenic, nor did they give rise 
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TABLE I 
Substrate Specificity and Inhibition* 

Ana- umoles analogue _| | Inhibition, 

mmoles a-ketoglutaric | nation, per cent§ 

: acid or L-tyrosine per cent 
a-Ketoglutaric acid analogues 

1 Pyruvic acid 10 3 1 

2 Oxalacetic acid | 10 ] 10 

3 Formaldehyde | 10 —1 86 

Tyrosine analogues 

4 Phenol 10 1 3 

5 o-Cresol | 10 1 4 

6 m-Cresol | 10 1 3 

7 p-Cresol 10 1 13 

8 Salicylic acid 10 1 17 

p-Hydroxybenzoic acid 10 —1 26 
10 Anthranilic acid 10 1 12 
11 p-Aminobenzoic acid 10 1 21 
12 o-Phthalic acid 10 —1l 5 
13 Terephthalic acid 10 1 22 
14 p-Nitrobenzoic acid 10 0 15 
15 Hippuric acid 10 1 3 
16 p-Aminohippuric acid 10 1 25 
17 p-Hydroxyphenylacetic acid | 10 0 26 
18 Tyramine 10 —2 9 
19 p-Tyrosine ! 2 2 3 
20 L-Tryptophan | 10 5 21 
2la L-Lysine | 10 —1 27 
21b L-Lysine | 2 —1 16 
22 L-Phenylalanine | 2 —1 4 
23 o-Hydroxypheny]l-pt-alanine | 2 5 7 
24 m-Hydroxyphenyl-p.L-alanine 2 2 60 
25 p-Nitrophenyl-p.L-alanine 2 2 5 
26 8-2-Thieny]-pL-alanine | 5 9 —7 
27 Histidine | 10 1 6 
28 Adrenalin 2 22 70 
29 3,4-Dihydroxyphenyl-.-alanine 2 15 70 
30 3-Fluoro-pL-tyrosine 2 84 20 
3la 3-Amino-pDL-tyrosine 5 3 97 
31lb 3-Amino-pL-tyrosine | 2 87 
3le 3-Amino-DL-tyrosine | 1 85 
32 N-Acetyl-a,8-dehydrotyrosine | 22 0 12 
33 2,5-Dihydroxypheny]-.-alanine | 2 35 
34 3, 5-Diiodo-L-tyrosine | 2 1 3 
35 3,5-Dibromo-.-tyrosine 2 5 10 


| 
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TaBLE I—Concluded 


* The standard incubation conditions and assay of p-hydroxyphenylpyruvie acid 
were used. Incubations were carried out for 20 minutes. The extinction coefhi- 
cients (optical density of colored complex divided by the molar concentration of p- 
hydroxyphenylpyruvic acid or of analogue) of p-hydroxyphenylpyruvie acid and 
analogues used in this study are as follows: adrenalin 64, 3-aminotyrosine 118, 
3-4-dihydroxyphenyl-L-alanine 190, 1920, p-hydrox- 
yphenylpyruvie acid 4100, 3-fluorotyrosine 120, and 3-fluoro,4-hydroxyphenylpy- 
ruvie acid 3870. 

t The concentration of a-ketoglutaric acid or of tyrosine is 6.3 KX 10-4 mM. Con- 
centration of DL compounds is expressed on the basis of the L isomer only. 

t The per cent transamination is measured when the analogue under considera- 
tion replaces a component of the transaminase system. Thus, Analogues 1 to 3 
were added instead of a-ketoglutaric acid, and Analogues 4 to 35 instead of tyrosine. 
Transamination of L-phenylalanine and of 3-fluoro-pL-tyrosine was checked by meas- 
uring the glutamic acid formed by using E. coli glutamic acid decarboxylase. In 
those cases in which the chromogenicity of the possible reaction products with the 
Briggs method is not known, it was assumed to be the same as that of p-hydroxy- 
phenylpyruvic acid. Since the extinction coefficient for this compound is high 
(4100), the calculated apparent transamination values would be minimal in those 
cases in which the reaction products have a lower extinction coefficient. 

§ The per cent inhibition is measured when the analogue under consideration is 
added to the complete standard tyrosine-a-ketoglutaric acid transaminase system. 
In all cases in which transamination by the analogue is known to occur, allowance 
is made for a change in effective substrate concentration in calculations of per cent 
inhibition. 


to compounds which were chromogenic with the modified Briggs assay. 
The inhibitory effect of these analogues on the activity of the complete 
tyrosine-a-ketoglutaric acid transaminase system was evaluated, and per- 
mitted the following generalizations. 

Disubstitution results in greater inhibition than monosubstitution (Ana- 
logue 7 versus 4). 

Parasubstitution results in somewhat greater inhibition than does ortho- 
or metasubstitution. (Analogue 7 versus 5 and 6, 9 versus 8, 11 versus 10, 
13 versus 12, and 16 versus 15.) 

The presence of a polar carboxy] group results in more effective inhibition 
than a non-polar methyl group: (Analogue 9 versus 7, 8 versus 5). 

Of the parasubstituted benzoic acids, the following sequence is observed 
with respect to effectiveness as inhibitors. 


—OH > —NH:, —COOH > NO: ; (Analogues 9, 11, 13, 14) 


Lengthening of the side chain by 1 carbon has no effect on activity as an 
inhibitor (Analogue 17 versus 9). 

Assuming that the preceding statement is valid, a comparison of p-hy- 
droxyphenylacetic acid and tyramine indicates that a compound with a 
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carboxyl group in the side chain is a better inhibitor than one with an amine 
group similarly located: (Analogue 17 versus 18). 

The indications thus far suggest not only that the aromatic portion of 
tyrosine is a necessary component of the transaminase system but also 
that the para hydroxy] configuration is important. Further, it is apparent 
that the carboxyl group of the side chain must be a structurally active site, 

p-Tyrosine (Analogue 19) exhibits negligible transamination and inhibi- 
tion. This finding further supports the generalization that animal trans- 
aminases are active only with L-amino acids (9). 

Interpretation of the data resulting from the study of various amino 
acids (Analogues 20 to 27) is made difficult by the fact that the chromo- 
genicity of their corresponding a-keto acids in the assay procedure is un- 
known. Tryptophan appears to transaminate to a slight extent, but is 
more effective as an inhibitor of tyrosine transamination. L-Lysine causes 
a significant degree of inhibition but does not appear to be transaminated. 
The reason for the choice of lysine is in its configuration; coiling of the 
aliphatic chain would permit the e-amino group to reside in a spatial posi- 
tion analogous to the phenolic group of tyrosine. The failure of L-pheny]l- 
alanine, o-hydroxyphenyl-pi-alanine, and p-nitrophenyl-DL-alanine to 
transaminate in this system is of particular interest since these observations 
establish a requirement for a polar group in the para position. It should 
be noted that m-hydroxyphenylalanine is an effective inhibitor. 

The inhibition behavior of adrenalin (Analogue 28) is striking. In view 
of the equally large inhibition by /-3 ,4-dihydroxyphenylamine (Analogue 
29) it would appear that an adjacent hydroxyl group in the ring is respon- 
sible. 

The studies thus have shown the necessity for the presence of a phenolic 
hydroxyl, an a-NH2, and an a-COOH group in the substrate for its enzy- 
matic transamination in the tyrosine-a-ketoglutaric acid system. 

Since the phenolic group has an electron surplus (basic function), it may 
be postulated that the corresponding site on the enzyme surface is electron- 
deficient (acidic function) and that an association of these two is necessary 
for transamination. It is known that an amino, and to a lesser extent, 
a hydroxy] substituent in a position ortho or para to a phenolic group in- 
creases the basicity of the phenolic group. Fluorine on the other hand 
increases its acidity (2). On the basis of what has been said, it would be 
expected that a more basic function (due to an orthoamino or hydroxy] 
group) binds the substrate more strongly to the acidic groups of the en- 
zyme. With the assumption that this dissociation reaction is the rate- 
limiting step, it may be postulated that those analogues will therefore trans- 
aminate more readily which (within limits) have more acidic phenolic 
groups, because they will be held less tightly by the enzyme surface and 
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ean be replaced (after transamination has occurred) by the parent com- 
pound. ‘The data, in effeet, show that, as the ortho-hydroxyl substituents 
are varied from —-NH, to —OH to —-F, the apparent rate of transamina- 
tion changes from 3 to 15 to 84 (Analogues 29, 30, 31). 

In interpreting the inhibition effects with the same reasoning, it is ap- 
parent that those analogues which are held more strongly will show the 
greatest degree of inhibition. In effect, as the ortho-hydroxyl substituent 
is varied from —NH: to —OH to —F, the per cent of inhibition changes 
from 87 to 70 to 20. 

The ready transamination of 3-fluorotyrosine may in part explain its 
known toxie and growth inhibition effects (10). If it is assumed that 
3-fluorotyrosine is further metabolized in the same manner as tyrosine, 
then it would be predicted that either fluorofumarate or fluoroacetoacetate 
would be formed. The toxic effect of fluoro compounds on the citric acid 
cycle has been investigated (11). 

On the basis of the above considerations, one would predict that the 
disubstituted halogen derivatives of tyrosine would be active as substrates 
and inhibitors (Analogues 34, 35). The low activity observed for these 
compounds suggests that still other factors, perhaps steric, must be taken 
into account. 


SUMMARY 


The effect of pH, the requirement for the pyridoxal phosphate, and sub- 
strate affinities of dog liver L-tyrosine-a-ketoglutaric acid transaminase 
have been determined. An interpretation of the kinetic data has been 
presented. The specificity requirements of the enzyme have been dis- 
cussed on the basis of a study of substrate analogues. 
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It was observed by Wattenberg and Glick (1) that extraction of micro- 
tome sections of cow adrenal tissue with 30 per cent glycerol yielded B-glu- 
curonidase activities which were around 85 per cent greater than those 
obtained with water as the extracting medium. Accordingly, 30 per cent 
glycerol was used in a subsequent investigation (2) on the quantitative 
histological distribution of 8-glucuronidase in the adrenal gland of various 
species. In the preliminary work on the present study, glycerol was found 
to increase the velocity of the enzymatic reaction to about the same degree 
in all of the histological zones of the gland. An investigation of the reasons 
for this effect showed that it was due, not merely to more complete extrac- 
tion of the enzyme from the tissue, but rather to an actual increase in 
hydrolytic rate. This communication is concerned with a demonstration 
of the influences of various alcohols and a study of the most effective of 
these, ethylene glycol, on the activity-pH relationship and on the kinetics 
of the enzymatic reaction. A treatment of the mechanism of the increased 
reaction velocity is included. 


EXPERIMENTAL 


Preparation of Cow Adrenal Homogenate—Cow adrenals were obtained 
from a local packing house and transported to the laboratory, packed in 
dry ice. The adrenal gland was dissected free of fat, the capsule was re- 
moved, and a 0.2 gm. cross-section of the gland was homogenized in cold 
distilled water with a chilled Potter-Elvehjem homogenizer for 2 to 3 
minutes until a fine suspension was obtained. The volume of the homoge- 
nate was made up to 10 ml. with cold distilled water. 

Preparation of Particulate-Free B-Glucuronidase Solutton—10 ml. of the 
homogenate prepared as above were centrifuged at 23,000 X g for 1.5 
hours at 4°. The sediment was washed once with 4 ml. of cold water and 
suspended in 4 ml. of water with a Potter-Elvehjem homogenizer. The 


* This investigation was supported by research grant No. RG-3911(C) from the 
National Institutes of Health, United States Public Health Service, the Medical Re- 
search Fund of the Graduate School, University of Minnesota, and by funds provided 
under contract No. AF-18(600)169 with the United States Air Force School of Avia- 
tion Medicine, Randolph Field, Texas. 
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aupernatant was centrifuged at LOOQ00 for hour at The 
amall amount of material that sedimented was discarded, 

Purification of A-Glucuronidase gm. of cow adrenals (about 50 
vlands) were dissected free of fat, minced in a meat grinder, and chilled 
and extracted three times with separate | liter portions of chilled acetone. 
‘The material was then dried by suction on a Biiehner funnel. ‘The acetone 
powder so obtained was extracted as described by Bernfeld and Fishman 
(3) and fractionated by the method of Bernfeld, Nisselbaum, and Fishman 
(4) with the substitution of dialysis at 4° against four changes of distilled 
water for the removal of sulfate by ion exchange (Step V). The last meth- 
anol fractionation (Step VII) was repeated. 1 mg. of the final product 
liberated 850 y of phenolphthalein per hour from 0.001 m phenolphthalein 
glucuronide in 0.05 m acetate buffer, pH 4.5, at 37.5°, representing about 
a 100-fold purification of the starting material. 

Effect of Various Alcohols on B-Glucuronidase Activity—The activity of 
6-glucuronidase with phenolphthalein glucuronide as the substrate was 
determined by the micromethod described previously (1). For measure- 
ment of effect of various alcohols on 6-glucuronidase activity, the digestion 
medium consisted of 10 ul. of 0.003 m phenolphthalein glucuronide in 0.15 
mM acetate buffer, pH 4.5, 10 ul. of the alcohol solution, and 10 ul. of the 
enzyme preparation. For controls, the alcohol solution was replaced by 
an equal volume of water. After digestion for 1 hour at 37.5°, the reaction 
was stopped by the addition of 45 ul. of 0.65 m glycine buffer, pH 10.5. 
Blanks were included in all cases; these contained all components of the 
complete reaction mixtures, except that substrate solution was introduced 
only after termination of the digestion period and addition of the glycine 
buffer. The particulate matter was centrifuged at 1000 X g for 10 minutes 
in a micro centrifuge (Microchemical Specialties Company, Berkeley, 
California), and the amount of phenolphthalein liberated by the enzyme 
reaction was calculated from the optical density of the clear supernatant 
fluid at 555 mu. 

pH-Activity Relationship—The digestion medium consisted of 10 ul. of 
0.004 mM aqueous phenolphthalein glucuronide, 10 ul. of 0.2 m acetate buf- 
fer, 10 ul. of 6.4 m ethylene glycol (replaced by water in controls), and 10 
ul. of purified enzyme solution. The control tubes were digested for 30 
minutes and those containing ethylene glycol for 15 minutes, so that 
practically the same amount of substrate was hydrolyzed in both cases. 
After the reaction was stopped with 45 ul. of the glycine buffer, 10 ul. of 
NaOH solution were added to adjust the final pH to exactly 10.5 in all 
cases. 

Effect of Substrate Concentration—The digestion medium consisted of 
10 wl. of phenolphthalein glucuronide solution, 10 ul. of 4.8 m or 1.2 M 
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ethylene glycol or water, and LO pl, of purtiied enzyme solution in O15 m 
acetate buffer, Concentrations of the phenolphthalemy ghicuronide 
made up in water varied from 0.009 to 15.0 ma. The influence of 
the concentration of ethylene glycol on the enzymatic velocity was investi- 
gated at three substrate levels, 0.083 mm, 0.44 mM, and 5.0 mM, with final 
concentrations of ethylene glycol in the range of 0.2 to 6.0 mM. In these 
experiments, digestion time varied from 10 minutes to 1 hour, and the reac- 
tion was stopped by the addition of 10 ul. of 0.65 m glycine buffer, pH 10.5. 


RESULTS AND DISCUSSION 


Réle of Glycerol in Increasing Rate of Hydrolysis—The data on the effect 
of glycerol on the rate of hydrolysis of phenolphthalein glucuronide by cow 
adrenal homogenate and its fractions are givenin Table I. An increase in 
activity in the presence of glycerol was noted in all cases. In view of the 


TABLE I 


Effect of 15 Per Cent Glycerol on Activity of 8B-Glucuronidase 
Preparations from Cow Adrenal 


Preparation Per cent go ty reaction 


fact that glycerol increased the enzyme activity in the final supernatant 
fluid to an even greater degree than in the preparations containing particu- 
lates, it is clear that the effect could not be due to more complete enzyme 
extraction. 

Effect of Various Alcohols—The effect of various alcohols on the activity 
of the enzyme in the total cow adrenal homogenate is shown in Table II. 
It is apparent that maximal increase in reaction velocity was observed with 
ethylene and propylene glycols and that the velocity change decreased when 
the number of hydroxyl groups in the molecule was either increased or de- 
creased. Diethylene and dipropylene glycols which have an ether linkage 
had little or no effect. 

The effects of the concentration of glycerol, ethylene glycol, and propylene 
glycol on the activity of 8-glucuronidase in cow adrenal homogenate are 
shown in Fig. 1. In these cases the per cent increase in activity rose pro- 
gressively with the increase in concentration of the alcohol to about 2.0 m. 
A further increase in concentration caused a slight decrease in the glycerol 
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effect, while a shght inerease was noticed with ethylene and propylene 
glycols, 

of Mthylene Glycol on Actinty Carve of -Glucuronidase 
effeet of 1.6 mM ethylene glycol on the activity of the enzyme at various pH 


Tannin Il 


Vffect of Various Alcohols on Activity of B-Glucuronidase in Homogenate 
of Cow Adrenal 


_ Per cent Per cent 
velocity velocity 

Methanol 1.6 17 Propylene glycol 1.6 101 
Kthanol 1.6 17 Dipropylene glycol 1.6 0 
Propanol 1.6 10 Glycerol 1.6 70 
Isopropanol 1.6 24 Sorbitol 0.8 25 
Tertiary butanol 1.6 49 Dextrose 0.8 12 
Ethylene glycol 1.6 102 Mannose 0.8 —6 
Diethylene glycol 1.6 20 Xylose 0.8 8 
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Fic. 1. The effect of the concentration of glycerol, ethylene glycol, and propylene 
glycol on 6-glucuronidase activity of cow adrenal homogenate. 


values is given in Fig.2. It is apparent that ethylene glycol did not change 
the optimal pH range. The ratios of the corresponding points on the two 
curves in Fig. 2 are within 3 per cent of the mean value of 2.37, indicating 
that the increased activity caused by the ethylene glycol was independent 
of pH. 

Reaction Kinetics—The effect of substrate concentration (S) on the ini- 
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lial velocity (V) of glucuronidase is shown an Pig. the 
absence of ethylene glycol, merease in substrate concentration above Oot 
mM resulted in progressive inhibition of reaction velocity. ‘Phe simplest 
mechanism for the imbibition of enzyme action by excess substrate that 
has been desertbed has assumed the formation of an inactive enzyme 
substrate complex, /S,, containing more than substrate moleeule. Ae- 


} 
= 32} 16 M ETHYLENE GLYCOL 
3. 
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Fig. 2. The effect of ethylene glycol on the pH-activity relationship for purified 
8-glucuronidase. 


cording to Lineweaver and Burk (5), the kinetic equation for such a reaction 
is 
V= 


(1) 


where V,, is the maximal reaction velocity, n is the number of substrate 
molecules in the inactive enzyme-substrate complex, K, = (£)S/ES, 
and K, = (£S)S""/ES,. These authors gave graphic methods of analysis 
for checking the applicability of Equation 1 to kinetic data and for deter- 
mining the value of n, assuming that only one inactive enzyme-substrate 
complex is formed. If n = 2, Equation 1 becomes 


(2) 


Friedenwald and Maengwyn-Davies (6) showed that, if the reaction ki- 
netics of an enzyme can be represented by Equation 2, the plot of V against 
log S gives a curve symmetrical about its maximum at the substrate con- 
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centration, log So, with the highest reaction velocity, and that Hquation 2 
can be transformed into the linear form 


Vn No S 
where So ‘hus the slope of the plot of agaimoet 
JOS), and ite intercept with the axis, would be and 1/V,,, respec 
lively, 


= 


O 


O 
> 


> 


Gu 


- NO ETHYLENE GLYCOL 
only ETHYLENE GLYCOL 


SUBSTRATE CONCENTRATION (mM) 

Fic. 3. The relationship between substrate concentration and initial hydrolytic 
velocity of purified 8-glucuronidase in the presence of different concentrations of 
ethylene glycol. The points were determined experimentally, and the curves were 
based on values calculated from Equation 2. 


INITIAL VELOCITY (ug. PHENOLPHTHALEIN 


The curves in Fig. 3 are symmetrical about their maxima at log So, and 
the plots of 1/V against f(S) are linear (Fig. 4). Although there was ex- 
cellent agreement between the calculated and experimental values as shown 
in Figs. 3 and 4, it cannot be concluded with certainty that Equation 2 
represents the mechanism of the 6-glucuronidase action on phenolphthalein 
glucuronide and that the inhibition of the enzyme by excess substrate is 
due to the formation of an inactive enzyme-substrate complex containing 
2 molecules of substrate. Friedenwald and Maengwyn-Davies (6) pointed 
out the possibility of the formation of an inactive complex, ES;, containing 
only 1 substrate molecule (due to the steric arrangement of the substrate 
molecule on the enzyme surface), in addition to ES:2, in which case a linear 
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relation between 1/V and f(S) would still be obtained because the kinetic 
equation for the enzyme action would become 

V kK, kK, S 

| S K, 
where Ay anda Without a method for 
determining A, independently of kinetic data, it is not posable to know 
whether Mquation 2 or d apples, nor can the various constants of 
tbe evaluated,  Tlowever, Mquation 2 has the virtue of greater simpheity 
and will serve as the basis of the remaining discussion, 


NO ETHYLENE GLYCOL. 
M ETHYLENE GLYCOL 
-4 O 4 8 2 i6 20 
f(S) 
Fig. 4. The relationship between 1/V and f(S) in the presence of different concen- 
trations of ethylene glycol. The points were determined experimentally, and the 
lines were calculated by the method of least squares. 


Slopes of the lines in Fig. 4 and their intercepts with the 1/V axis were 
determined by the method of least squares, and k was obtained from the 
relationship k = slope/intercept. From the values of So, determined ex- 
perimentally, and of k, the constants K, and Ke were calculated, and their 
values are given in Table III. In the absence of ethylene glycol, the dis- 
sociation constants of the active and inactive enzyme-substrate complexes 
were found to be 0.88 & 10-4 and 2.20 * 107%, respectively. 

Previous estimates (7-10) of the dissociation constants of the enzyme- 
substrate complexes of 8-glucuronidase and phenolphthalein glucuronide 
have been obtained by the method of Lineweaver and Burk (5). It was 
assumed that, at low substrate concentrations, the inhibitory effect of the 
substrate due to the formation of the inactive enzyme-substrate complex 
would be negligible, and that the plots of S/V against S, or 1/V against 
1/S, would be linear. Since ES. = (ES)S/Ko, it can be shown that with 
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0.1 mm phenolphthalein glucuronide the concentration of HS: would be 
about 5 per cent of LS. The measurements of enzyme activity for the 
determination of the enzyme-substrate dissociation constant should, there- 
fore, be confined to phenolphthalein glucuronide concentrations below 0.1 
mM. In this range, the velocity of the enzymatic reaction is low, and the 
change in substrate concentration with time due to enzymatic reaction is 
considerable, ‘This introduces appreciable errors in the determination of 
initial velocity, On the other hand, with the method of analysis of reaction 
kinetics followed in the present communication, the initial velocities over 
a wider range of substrate concentration can be utilized for evaluating the 

‘VTalalay efal. (7) found Ay tobed.b 10 and 10 an enzyme 
preparation obtamed from a mixture of pooled spleens, livers, and kidneys 
of mice, These values are lower than those reported in the present com 


Values of Kinetic Constants of Purified Cow Adrenal 8-Glucuronidase at 
Different Concentrations of Ethylene Glycol 


Ethylene glycol concentration 
Constant 
Om 0.4M 1.6™M 


munication. This may be due to the fact that these authors used the 
amount of phenolphthalein liberated in 1 hour as an index of initial velocity, 
stating that the hydrolysis of the substrate proceeded linearly with time 
for several hours. They demonstrated the latter only for a substrate 
concentration of 0.002 mM, whereas the dissociation constant was determined 
from reaction velocities at substrate concentrations less than 0.0005 M, in 
which range the rate of hydrolysis ceases to be linear ina short time. 
Levvy (8), with the use of 8-glucuronidase prepared from mouse liver, 
obtained a K, value of 1.30 XK 10-‘*, which isof the same order of magnitude 
as that observed in this work (0.82 & 10~‘) for cow adrenal 6-glucuronidase. 
Data in this paper on the inhibition by excess substrate, based on the 
formation of an inactive enzyme-substrate complex containing 2 substrate 
molecules, are in accord with the findings of Karunairatnam and Levvy 
(9), who used f-glucuronidase prepared from microorganisms of sheep 
rumen. Mills et al. (10) reported the isolation of three fractions of 6-glu- 
curonidase from ox spleen, each with a different pH optimum. These 
authors found that the inactive enzyme-substrate complex of 8-glucuroni- 
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dase fractions having pH optima at 4.5 and 5.2 contained 2 molecules of 
substrate, which correspond to the results found in this study on #-glu- 
curonidase with an optimal pH at 5.2, but that the complex from the frac- 
tion having an optimal pH at 3.4 contained 3 molecules. 

Mechanism of Action of Ethylene Glycol—¥ rom ‘Table III it may be seen 
that ethylene glycol did not appreciably alter the value of Ae. Hence it 
had no effect on the dissociation of /S, and consequently did not influence 
the inhibition of the enzyme by excess substrate, 

As shown in Pig. 5, the greater reaction rate due to ethylene glycol in- 
creased) with substrate concentration to about 2.0 tam and reached a prac 
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Fic. 5. The effect of substrate concentration on the increased activity of B-glu- 
curonidase produced by ethylene glycol. The points were determined experimen- 
tally, and the curves were based on values calculated from Equation 2. 


tically constant value at higher concentrations. Since this concentration 
is 10 to 25 times greater than K,, one might assume that at substrate con- 
centrations greater than 2.0 mm practically all of the enzyme exists in com- 
bination with the substrate. If this were true, the increase in enzyme 
velocity brought about by ethylene glycol might be due to an increase in 
the rate of decomposition of the enzyme-substrate complex (ES). 

The concentration of the substrate at which maximal experimental 
velocity was observed was shifted from 0.44 mM to 0.55 mm by 0.4 M ethyl- 
ene glycol, and to 0.70 mo by 1.6 Methylene glycol (Fig. 4). This, together 
with the increase in K, (Table III), indicates that the inhibitory effect of 
ethylene glycol at low substrate concentrations is of a competitive nature 
and it is counteracted by higher substrate concentrations. This is illus- 
trated by Fig. 6, from which it may be seen that, at a substrate concentra- 
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tion of 0.033 mM, 0.8 m ethylene glycol produced a net inhibition of the 
reaction velocity, whereas, at a substrate concentration of 0.44 mM, about 
5.0 m ethylene glycol was required to produce inhibition. With an even 
greater concentration of substrate (5 mM), no inhibition was observed up 
to the highest concentration of ethylene glycol used (6 M), although the 
initial reaction velocity did begin to fall off at concentrations greater than 
3.5 M, 

Axelrod (11) observed that the increase in activity of phosphatase from 
citrus fruit, human urine, and ‘Taka-Diastase, which was brought about by 
aleohols, was due to the aleohols acting as phosphate acceptors, Later, 
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Fic. 6. The effect of the concentration of ethylene glycol on the initial hydrolytic 
velocity of purified B-glucuronidase at various substrate concentrations. 


Axelrod (12) reported that, in the transfer of phosphate from nitropheny| 
phosphate to methanol, the phosphate radical did not pass through the 
inorganic stage but was transferred directly to the alcohol. One might 
speculate that alcohols increase the activity of 8-glucuronidase in a similar 
manner by acting as acceptors of glucuronic acid. 


SUMMARY 


Mono- and polyhydroxy alcohols were shown to increase the activity of 
8-glucuronidase in cow adrenal homogenate; ethylene and propylene glycols 
were the most effective. Ethylene glycol was found to exert no influence 
on the pH optimum of the purified enzyme under the conditions employed, 
and the extent of the increased rate of reaction was the same at all pH values 
studied. The inhibition of the enzyme by excess substrate was found to 
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follow the second order theory of Friedenwald and Maengwyn-Davies. 
Ethylene glycol produced no change in the dissociation constant of the in- 
active enzyme-substrate complex containing 2 molecules of the substrate, 
and it did not influence the inhibition of the enzyme by excess substrate. 
However, ethylene glycol increased the apparent dissociation constant of 
the active enzyme-substrate complex and caused competitive inhibition 
at low substrate concentrations. ‘The increase in velocity of the enzymatic 
reaction effected by ethylene glycol at higher substrate concentrations 
might possibly be explained on the basis of an iierease in the rate of ir 
reversible decomposition of the active enzyme substrate complex, 
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ERYTHROCYTE TURNOVER IN RATS FED 
DIETS HIGH IN METHIONINE* 


By HAROLD P. COHEN anp CLARENCE P. BERG 


(From the Biochemical Laboratory, State University of Iowa, Iowa City, Towa) 


(Received for publication, January 23, 1956) 


A few years ago Van Pilsum and Berg (1) observed that feeding high con- 
centrations of methionine in the diet of the young rat retarded the rate of 
growth and induced a deposition of iron in the form of hemosiderin in the 
spleen,  Tistological examination, with the use of hematoxylin-eosin and 
Won stins, showed no significant abnormality i the livers, bone marrow, 
lyinph nodes, or kidneys, and erythrocyte counts and here 
Hlobin (Neweotmer) and fragility teste showed no marked divergence from 

Hi quite posable that deposition of could with 
out marked anemia, along with the red cell destruction, red cell fornia 
were also aecelerated; the turnover rate of the red cell were im 
creased, ‘The purpose of this paper is to report evidence which indicates 
that such is indeed the case. 


EXPERIMENTAL 


It is well established that both the a-carbon and the nitrogen of glycine 
are incorporated into the protoporphyrin nucleus (2-4) of the hemoglobin 
molecule. In the present study glycine-2-C™ was employed for this pur- 
pose. By injecting such glycine into rats fed normal diets and rats fed 
high methionine diets and by determining the radioactivity of the hemin 
prepared from blood drawn at intervals of several days thereafter, it was 
possible to determine the influence of excess methionine upon the rates of 
formation and degradation of hemoglobin as an index of the rate of red cell 
turnover. 

Six male rats (three pairs) of the Sprague-Dawley strain, 105 to 137 days 
of age, were employed in the study. One of each pair had been fed a nor- 
mal methionine diet, the other a high methionine diet from the time of wean- 
ing at 23 days after birth. Both diets contained 12.0 per cent of casein as 


* The data in this paper are taken from a dissertation submitted by Harold P. 
Cohen in partial fulfilment of the requirements for the degree of Doctor of Philosophy 
in Biochemistry in the Graduate College of the State University of Iowa. 

The experimental work was aided by a grant from The Dow Chemical Company, 
Midland, Michigan. A summary of the study was presented at a symposium on 
amino acids at the 125th meeting of the American Chemical Society in Kansas City, 
Missouri, on March 26, 1954. 
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the protein. The normal diet also contained 0.6 per cent of pt-methionine, 
while the high methionine diet contained 1.8 per cent. Except for these 
differences in protein and amino acid content, the diets were the same as 
those employed by Van Pilsum and Berg (1). 

The glycine-2-C" was from a lot obtained from Tracerlab, Inc. The 
rat which had been fed the normal methionine diet received 1 ml. of a solu- 
tion which contained 0.367 mg. of glycine per ml. The solution had a spe- 
cific activity of 5.9 K 10° c¢.p.m. per ml. The counting was made in the 
Geiger region with a preflush gas flow counter manufactured by the Equip- 
ment Service Company and a model No. 163 Nuclear scaler. The gas used 
was helium saturated with absolute alcohol at 0°. The rat fed the high 
methionine diet received glycine-2-C™ in proportion to its weight, hence in 
proportion to its blood volume, as compared with the animal fed the normal 
methionine diet, In both animals the glycine was injected imtraperitone- 
ally in two equal doses, 24 hours apart, ‘The doses given the experimental 
aid control fats were injected within ob each other, 

‘The blood wae obtained by allowing the tat to crawl inte anugly fitting 
af glass aod by elipping the Gip of the tail with eurgioal seis 
containing of citrated saline solution Oy 
had been collected. Bleeding wae atopped by placing a anall piece of 
aterile Gelfoam over the out and keeping the animal in the restraining tube 
for a few minutes longer to insure clotting. Samples were drawn from the 
members of the test pair within LO minutes of each other. 

The citrated blood samples were each diluted to 2.0 ml. with physiological 
saline solution, gently stirred for a minute, then centrifuged at 3000 r.p.m. 
for 10 minutes. The supernatant fluid was discarded and the cells were 
washed twice more with physiological saline solution, as above. During 
the third centrifugation, two tubes were prepared, each containing 1.5 ml. 
of glacial acetic acid and 1 drop of a saturated solution of sodium chloride. 
These tubes were placed in a boiling water bath. The final supernatant 
layer from each of the thrice washed and centrifuged cell samples was care- 
fully removed and the hot acetic acid-sodium chloride solution was rapidly 
poured in. The tubes were transferred to the water bath and heated for 
45 minutes, with stirring every 5 minutes or so to insure proper aggregation 
of the hemin. The cloudy, dark brown solution was allowed to cool and 
was centrifuged. The hemin precipitate was washed twice by suspension, 
centrifugation, and decantation, with 50 per cent acetic acid solution, then 
twice each in turn with distilled water, 95 per cent ethanol, and ether. 

The washed hemin crystals were dissolved by adding 0.4 ml. of a dilute 
solution of ammonium hydroxide to the tube. An aliquot was transferred 
by pipette to a cover-slip 1 inch in diameter and dried under an infra-red 
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lamp for 30 to 60 seconds, to produce an even deposit of the hemin. Its 
radioactivity was measured. 

A reference standard was prepared by depositing a small sample of gly- 
cine-2-C™ on a similar cover-slip, protecting it with a strip of Scotch tape 
and counting it to permit correcting for possible fluctuations in the counting 
rate. 

After counting, the cover-slips containing the hemin were crushed and 
transferred to a 25 ml. volumetric flask for the measurement of iron. The 
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Days after Intraperitoneal Injection 
of Glycine- 2-C!4 
Fic. 1. Comparison of erythrocyte turnover in pairs of rats fed normal versus high 
methionine diets, as judged from the radioactivities of hemin samples prepared 
simultaneously at intervals after the intraperitoneal injection of glycine-2-C". 


iron was liberated from the hemin with sulfuric acid and potassium persul- 
fate and determined colorimetrically as the thiocyanate (5). The primary 
standard was made from iron wire of 99.9 per cent purity. The color was 
read at 505 my in a Bausch and Lomb monochromatic colorimeter within 
5 minutes after the addition of the thiocyanate. Since hemin contains 8.6 
per cent of iron, the iron found was divided by 0.086 to calculate the hemin 
present on the cover-slip. 

In Fig. 1 are plotted the specific activities of the hemin isolated at var- 
ious intervals after the intraperitoneal injection of the glycine-2-C™ into 
three separate pairs of rats. In every instance, the curve obtained in the 
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tests with the rat fed the high methionine diet showed the greater initial 
increase in counts per minute per mg. of hemin, followed by the more rapid 
decline. The shape of the curves indicates that the high methionine diet 
induced a more rapid synthesis of hemoglobin and a more rapid degrada- 
tion. Subsequent studies have shown that rats fed high methionine diets 
for several weeks have slightly lower blood counts than rats fed diets lower 
in methionine, but are not markedly anemic. 


SUMMARY 


Glycine-2-C™ has been injected into rats fed high methionine diets and 
rats fed normal diets to produce radioactive hemoglobin and to permit mak- 
ing comparisons of the relative rates of hemoglobin (or erythrocyte) turn- 
over. Hemin was isolated, its quantity was calculated from its iron con- 
tent, and its specific activity was determined. Samples drawn at the same 
intervals from rats on the two diets showed more rapid incorporation of 
radioactivity, followed by more rapid decrease, in the hemin of the rat fed 
the high methionine diet. Hence, it is concluded that excess dietary me- 
thionine accelerates the turnover of hemoglobin. 


1 Van Vilewin, aed Merge, Mink Chen , 270 (hon) 

4. Wittenberg, J, and Bhemin, Biel Chem, TAB, 108 

Andea, and Northup, Labo and Clin, 94, 107 (1988-30), Wong, 
Chem., T7, 400 (1028). 
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MUSCLE GLUCOSE-1-PHOSPHATE TRANSPHOSPHORYLASE* 


By JAMES B. SIDBURY, Jr., LAWSON L. ROSENBERG, t 
AND VICTOR A. NAJJAR 


(From the Department of Pediatrics, The Johns Hopkins University, 
School of Medicine, and the Harriet Lane Home of the Johns Hopkins Hospital, 
Baltimore, Maryland) 


(Received for publication, January 23, 1956) 


Glucose-1 ,6-diphosphate (6-phosphoglucosyl phosphate) was found by 
Cardini et al. to be the coenzyme in the reaction catalyzed by phosphogluco- 
mutase (1). The mechanism of this reaction involving the enzyme, coen- 
zyme, and substrate has been established (2). Since the activity of the 
enzyme is dependent on the concentration of the cofactor, the availability 
and mode of synthesis of the latter assume special significance, ‘I'wo en- 
zyme reactions for the synthesis of glucose-1,6-diphosphate from glucose-t- 
phosphate have heen deseribed: (a4) Glucose t-phosphate kinase (4) found 
ii and yeast catalyzes the following reaction! 


(h) Another ongyine, phosphate waa cle 
in bacteria, notably colt, and it wae postulated that a 
transfer of phosphate took place from molecule of to carbon 6 of 


another (4). No such reaction was found either in yeast or muscle ex- 
tracts, 

This report demonstrates the existence in rabbit muscle extracts of 
glucose-l-phosphate transphosphorylase. A preliminary account of this 
work appeared earlier (5). It was possible to identify the products of the 
forward reaction and demonstrate its reversibility. The absence of any 
measurable phosphatase activity in muscle extracts and the demonstration 
that this reaction proceeds in the absence of inorganic phosphate rule out 
the possibility that the observed reaction is an expression of the reversal 
of phosphatase action (6, 7). This possibility could not be ruled out in 


* Supported by a research grant (No. G-3289) from the Division of Research 
Grants, National Institutes of Health, United States Public Health Service. 

t Present address, Life Science Building, University of California, Berkeley. 

1 The following abbreviations are used: ATP for adenosine triphosphate, ADP for 
adenosine diphosphate, G-1-P for glucose-1-phosphate, G-1,6-P for glucose-1 ,6- 
diphosphate, G-6-P for glucose-6-phosphate, Tris for tris(hydroxymethyl)amino- 
methane. 
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the bacterial system (7). The reaction proceeds in the absence of ATP 
and requires magnesium for maximal activity. 


EXPERIMENTAL 


Preparation of Enzyme—The muscles of the back and hind legs of a rab- 
bit, anesthetized with intravenous pentobarbital and bled, were rapidly 
removed and passed once through the meat grinder in the cold room. Un- 
less otherwise stated, all subsequent manipulations were also carried out 
in the cold room at 4-6°. The mince was extracted twice with an equal 
volume of distilled water, each extraction lasting 15 minutes. The com- 
bined extracts were then filtered through muslin, fractionated with solid 
ammonium sulfate, and centrifuged. The portion sedimenting between 0.5 
and 0.7 saturation contained the highest amount of enzyme activity. It 
was dissolved in 5 ml. of water for every 100 ml. of muscle extract and 
adjusted to pH 7.6 with NaOH. The dissolved material was then dialyzed 
for 3 to 17 hours against numerous changes of distilled water. Precipitated 
protein was collected by centrifugation. This preparation was used for 
most of the experiments reported herein, It could be frozen for at least 
4 weeks without loss of activity. 


Methods 


aclivily wae follawed by tieasuring 1 
in all reaetantea te histidine, imidagale, on butler, 
wae telat the same pil Tewever, wae found more convenient 
to adjust the pilin the reactants to the desired value and thereby avoid 
the use of buffers in order to avoid possible interference with the G-1,0-7 
assay system. The reaction was started by adding the enzyme. Since 
all preparations of the transphosphorylase contained relatively large quan- 
tities of phosphoglucomutase in the phosphoenzyme form, an immediate 
formation of glucose-1,6-phosphate resulted according to the following 
equation (2): 

G-1-P + phosphoenzyme = G-1,6-P + dephosphoenzyme 


In fact, it was this observation that led to the discovery of the mechanism 
of action of phosphoglucomutase (5). It was necessary, therefore, to cor- 
rect for this by obtaining a control sample immediately following the addi- 
tion of the transphosphorylase. To that end, 0.2 ml. was immediately 
taken out and pipetted into a tube, containing 1.8 ml. of water, placed in 


2 Glucose-1-phosphate dipotassium salt from Schwarz, chromatographed and free 
of the coenzyme, was used. 
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a boiling water bath. Another similar sample was taken at the end of 30 
minutes. With proper dilution of the enzyme the reaction proceeds ap- 
proximately in a linear manner to reach a maximum in | hour of incuba- 
tion. Under these conditions the amount of diphosphate formed in 30 
minutes is fairly proportional to the enzyme concentration in the reaction 
mixture. | 

Glucose-1 ,6-diphosphate was measured by its coenzymatic activity, 7.e. 
the stimulation of the phosphoglucomutase reaction (3), by using a stand- 
ard system of assay with crystalline muscle phosphoglucomutase. Stand- 
ards consisting of 10, 20, and 30 XK 10-> umole of G-1,6-P were run simul- 
taneously. These values, under the conditions of the assay system, fall 
approximately in the linear portion of the curve. Therefore, only values 
falling within this range were acceptable. The system consisted of ap- 
propriate aliquots of the sample to be assayed, usually 0.05 to 0.1 ml. of 
1:10 dilution of the transphosphorylase reaction mixture: 2 wmoles of glu- 
cose-1-phosphate, 3 10°? mM histidine, 6 mM Mg** ina total volume 
of 0.5 ml. All reactants were adjusted to pH! 7.6. The reaction was 
started with about 0.5 7 of a freshly prepared standard amount of phospho- 
glucomutase and incubated for 10 minutes at 40° in a water bath, It was 
stopped by the addition of 1O of 6 The vole was then 
hide upto with water and the tubes were placed in boiling 
‘The thie liberated wae determined (4) in the 


be emphasized af thie point that the enzyme preparation, in 
addition to other activities, contains relatively excessive amounts of phos 
phoglueomutase, the hexose isomerases, and phosphofructokinase, In the 
absence of ATP, the glucose-l-phosphate added in the reaction must neces- 
sarily distribute itself among a number of hexoses, notably glucose-6-phos- 
phate, fructose-6-phosphate, and mannose-6-phosphate. The concentra- 
tion of glucose-1-phosphate in the reaction mixture is therefore only a small 
fraction of that needed. When 10 umoles are added, rapid equilibration 
occurs and about 0.3 umole would be available for transphosphorylase. 
The activity of the enzyme is distinctly low compared to that of other 
functionally adjacent enzymes in the glycolytic chain. Attempts to sepa- 
rate the enzyme free of phosphoglucomutase were unsuccessful. 

Because of the presence of glucose-1-phosphate kinase in rabbit muscle 
extract it was necessary to investigate the réle of ATP in the system under 
study. It was repeatedly found that the addition of ATP, up to 0.5 umole 
per ml. of reaction mixture, containing 10 uwmoles or more of glucose-1- 
phosphate, did not increase the rate of glucose-1 ,6-phosphate formation 
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beyond the control lacking ATP. However, further increase in ATP re- 
sulted in an increase in diphosphate formation. When the enzyme used 
was dialyzed for 17 hours, it became almost free of ATP as measured en- 
zymatically (9). Only traces or less than 1 X 10~ mM concentration were 
measurable with the luciferase system* after such treatment. In such 
dialyzed extracts a great deal more diphosphate was invariably recovered 
than could be accounted for by the traces of possible ATP present. The 
failure of limited amounts of ATP to show an effect, even though glucose- 
1-phosphate kinase was present, is due to the successful competition by the 
highly active phosphofructokinase particularly since phosphoglucomutase 
and hexose isomerase were present in abundance. One further point of 
difference between this system and the glucose-1-phosphate kinase is the 
pH optimum. The latter has an optimum around pH 6.8 and the trans- 
phosphorylase optimum is around pH 7.6. 

It was also observed that the kinase and transphosphorylase enzymes 
showed different distribution when muscle extract was fractionated with 
ammonium sulfate. The former was found to be concentrated in the 
fraction below 0.5 saturation and the latter mainly in the fractions above. 
A representative experiment illustrating this point showed ratios of kinase 
to transphosphorylase of 101, 4, and 0.4 at ammonium sulfate fractions of 
0-04, 0.4-0.5, and 0.5-0.6 saturation, respectively, The transphosphoryl- 
ase activity Was measured as indicated above and the additional activity 
due to the kinase was assayed under the same conditions with the addi 
lion of pinoles of ATT. 

of the presence of the tecessary to 
the possibility that O phosphate tight be one of the 
athelrates for the according Co the following equation: 


Accordingly, advantage was taken of the fact that the mutase was 
strongly inhibited by fluoride (10), whereas the transphosphorylase showed 
little or no inhibition. Fluoride was therefore added to the reaction mix- 
ture in a concentration of 8 & 10°-° mM, sufficient to inhibit the mutase, 
various quantities of the two hexose phosphates, 2.5 to 7.5 umoles, were 
used, and the diphosphate formed was measured as usual. In the G-1,6-P 
assay system the fluoride concentration was automatically diluted at least 
1:50 so that only a small amount of mutase inhibition occurred. Never- 
theless, due consideration was taken of the possible inhibition of the 
system by fluoride by running standard control assays of known amounts 
of the diphosphate in the presence of the same concentration of fluoride. 
It was found (Table I) that only variation in the glucose-1-phosphate 


* For these determinations we are indebted to Dr. W. D. McElroy. 
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concentration affected the rate of the reaction. Glucose-1-phosphate is 
therefore the only substrate for the transphosphorylase reaction. 

The identification of the products of the reaction was carried out in the 
following manner. Glucose diphosphate was identified by maximal stimu- 
lation of phosphoglucomutase and the failure of further stimulation by an 
authentic sample of the coenzyme.* Upon hydrolysis with 0.1 N HC) for 
10 minutes at 100° there was complete loss of coenzyme activity. Be- 
cause of the specificity of this method no other attempts were made at 
further identification. 

For the identification of glucose, the reaction mixture was passed through 
a column containing an excess of Dowex formate. The effluent that was 


TABLE I 


Data Showing That G-6-P Does Not Replace G-1-P As Substrate 
for Transphosphorylase 


G-1-P added G-6-P added G-1,6-P formed 
pmoles pmoles umole 
10.0 0.0 0. 100 
5.0 0.0 0.040 
0.0 | 5.0 0.006 
5.0 | 2.6 0.047 
4.0 | 5.0 0.045 
| 7.6 0.040 


Phiotide ia deed bo whink io present ia the prepara 
ae in the 


phosphate free showed the presence of a reducing sugar (1h). Purther- 
more, the sugar was readily phosphorylated with the yeast hexokinase and 
the resulting glucose-6-phosphate was identified with the glucose-6-phos- 
phate dehydrogenase system (12). ‘Table Il shows that glucose and glu- 
cose-1 ,6-diphosphate appeared in stoichiometric amounts, 

The reversibility of the reaction was studied by using variable amounts of 
glucose-| ,6-diphosphate and glucose (Table II]). It was found that glu- 
cose-6-phosphate was produced in amounts comparable to twice the value 
of the diphosphate used up (Table III). Because of the large, negative 
free energy change in the forward reaction, relatively large quantities of 
glucose were used to effect a measurable change in the diphosphate con- 
centration. The demonstration of reversibility was contingent upon the 


‘We are grateful to Dr. L. F. Leloir for supplying us with a sample of authentic 
glucose-1,6-diphosphate prepared from yeast. 
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TABLE II 


Data Showing Stoichiometric Formation of G-1,6-P and Glucose in 
Glucose-1-Phosphate Transphosphorylase Reaction 


Experiment No. Glucose G-1,6-P 
pmole umole 

1 0.000 0.000 

2 0.016 0.018 

3 0.040 0.052 

4 0.110 0.118 


Experiment 1 typifies the negative result when no substrate is added. Experi- 
ments 2, 3, and 4 represent different preparations of the enzyme. In Experiment 3 
glucose was measured as glucose-6-phosphate by coupling yeast hexokinase with 
yeast glucose-6-phosphaute dehydrogenase (12). In Experiments 2 and 4 glucose 
was measured chemically (11). The reaction mixture consisted of 10 uzmoles of added 
G-1-P and 1 X 10-* m Mg; pH 7.6; incubation time 30 minutes at 30°; total volume 2 
ml.; details as in the text. 


TaBLeE III 
Data Showing Reversibility of Transphosphorylase Reaction 
G-1,6-P G-6-P 
Experiment No. Glucose 
Initial Total Disappeared Formed 
pmole pmole X 107% pmole X 10°% | pmole K 1074 | pmole K 
1 0.1 6.9 6.5 0.1 
2 0.1 3.0 4.0 
0.0 40 “0 
0 iu 1 / 
/ 1 14 
n ao 14 


The ghieose Tophoaphate formed waa converted to glicoge 6 phoaphate by phos 
phoglucomutase present in the extract. Mag'! inhibited the reaction to the extent 
that no activity wae demonstrable after incubation for 30 minutes. The reaction 
mixture consisted of G-1,6-P, glucose, and 5 x 10° a Mgt! in Experiments 1 to 4. 
pH 7.6; ineubation time 30 minutes at 30°; total volume 0.5 ml. G-1,6-P was meas- 
ured by its coenzymatic activity. The glucose-6-phosphate was measured by the 
glucose-6-phosphate dehydrogenase system (12). No Mg*t*+ was added in Experi- 
ments 5 to 10. 


omission of magnesium from the reaction mixture. As seen in Table III, 
a magnesium concentration of 5 X 10-4 m inhibited the reverse reaction. 
It is interesting to note in this connection that magnesium was found 
necessary for maximal activity in the forward reaction. As shown in Fig. 


MOLES 6-P FORMED 
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1, the enzyme as measured in the forward reaction showed about half the 
maximal activity when magnesium was omitted from the reaction mixture. 
This odd behavior of magnesium indicates that its effect in this reaction 
may well be exerted through the formation of a magnesium-glucose-1 ,6- 
diphosphate complex which pulls the reaction forward. In a like manner, 
it would inhibit the reverse reaction by binding the diphosphate. 
Properties of Enzyme—The enzyme is not highly active even in fresh 


0.12° 
a 
0.10- 
2 0.08 a 0.10: 
a. 
© = 
0.06 
y 0.04. 0.08- 
> 0.02: 
-4 -3 #-2 7 ts 9 
LOG Mé'CONCENTRATION pH 
hia. 1 hia. 2 


bia. The effeet of magnesium on tratsphosphorylase. The reaction 
consisted of varying amounts of Mg'! as iidieated 10 pinoles af 
whhed, bine at bolal 4 ial details ae the test 

The effect at pll the aetivity of lace The 


muscle extract and deteriorates within a week af (2 Prolonged or re 
peated dialysis causes considerable loss in activity. However, the enzyme 
can be dialyzed for 3 to 4 hours against distilled water with little or no 
loss and may be frozen for a few weeks with no loss of activity. Tt was 
not possible to obtain sufficiently accurate data to investigate the equalib- 
rium of the reaction. 

The effect of pH on the activity of the enzyme showed an optimum at 
pll 7.6, as seen in Fig. 2. The activity was determined by using the 
forward reaction and in the presence of magnesium. 

All activation and inhibition studies were performed on the forward reac- 
tion. No effect on the forward rate was exerted by cysteine, histidine, 
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inorganic phosphate, or adenylic acid. ATP inhibited the reaction in 
concentrations above 2 X 10-*m. Fluoride in concentrations of 8 & 10-3 
mM or less had no effect. Manganese showed an unexpected inhibition, in 
view of the effect of magnesium in stimulating the forward reaction. Mn++ 
in concentrations above 5 X 10~‘ m inhibited the reaction and below 5 x 
10-5 m showed neither stimulation nor inhibition. Cutt was slightly in- 
hibitory at concentrations of 1 K 1074 M. 


SUMMARY 


Glucose-1-phosphate transphosphorylase, the enzyme catalyzing the 
formation of glucose-1,6-diphosphate and glucose from glucose-1-phos- 
phate, was described in rabbit muscle extract. The products of the for- 
ward reaction were identified. The reversal of the reaction was demon- 
strated. 

The forward reaction was shown to be stimulated by Mg++, whereas the 
reverse reaction was inhibited by the metal ion. Both effects are con- 
sistent with the interpretation that Mg*t* forms a complex with the prod- 
uct glucose-1 ,6-diphosphate. The equilibrium under those conditions 
would be in favor of complex formation. The enzyme shows maximal 
activity at pH 7.6. 


BIBLIOGRAPHY 


1. Cardini, C. E., Paladini, A. C., Caputto, R., Leloir, L. F., and Trucco, R. E., 
Arch. Biochem., 22, 87 (1949). 

2. Najjar, V. A., and Pullman, M. E., Science, 119, 631 (1954). 

3. Paladini, A. C., Caputto, R., Leloir, L. F., Trueco, R. b., and Cardini, C. b., 
Arch. Biochem., 28, 55 (1949). 

4. Leloir, L. F., Traces, Cardini, C. Paladini, A. C., and Caputto, It, 
Arch, Biochem., 24, 65 (1949). 

Najjar, Vo in Melilroy, and Glass, Phe mechanism of enzyiie ae 
lion, Wallimore, 741 

Meyerhot, and Green, Miol Chen , UA, 477 

OF 

Najjar, Vo ALS. Biel, Chem, 176, (104k). 

11. Somogyi, J. Biol, Chem., 160, 61 (1045). 

12. Warburg, O., Christian, W., and Griese, A., Biochem. Z., 157 (1985). 


{ 


THE ANALYSIS OF SINGLE CELLS* 


By OLIVER H. LOWRY, NIRA R. ROBERTS, anno MEI-LING W. CHANG 


(From the Department of Pharmacology and the Beaumont-May Institute of Neurology, 
Washington University School of Medicine, St. Louis, Missouri) 


(Received for publication, February 6, 1956) 


There are a number of problems which would be furthered if means were 
available for analyzing single mammalian cells or other structures of com- 
parable size. In the central nervous system, for example, there exists a 
wide variety of large and small single cell bodies (0.0001 to 0.05 y dry 
weight) which are enmeshed in nervous tissue of completely different histo- 
logical structure. The isolation and analysis of these individual cell bodies 
might be helpful in understanding the chemistry of the nervous system. 
For some time it has been possible to make rough measurements of a few 
enzymes in large single nerve cell bodies (1). However, the methods were 
unsatisfactory in regard to precision, and fragments of tissue of known com- 
position which were equal in size to single nerve cell bodies gave low re- 
sults. After considerable study the rather interesting reasons for the in- 
accuracies have been found. Consequently it is now quite simple to 
obtain reproducible and accurate values for a number of enzymes with 
samples of 0.01 7 dry weight and it is more than likely that samples 100 
times smaller may be analyzed for several enzymes at least. 

Methods will be presented for measuring GDH,! glutamic-aspartic trans- 
aminase, and phosphoglucoisomerase in samples of 0.005 to 0.02 y dry 
weight, together with analyses of single anterior horn cell bodies, dorsal 
rool ganglion cell bodies, and some neighboring structures of the rabbit 
nervous system. dn addition a method for measuring MDE in sanples of 
y dry weight will also be presented as an ilustration of imberent 
analytical possibilities, ‘The standard error of this last method is equiva 
lent bout 000 tioleciles of MITE 


Nnalytieal Methods 


leolation of Material to Re Analyzed — All of the tissue samples were ob- 
tained from frozen-dried sections prepared as deseribed before (2). Tee 
erystal artifacts were kept to a minimum by quick freezing and serupulous 
avoidance of temperatures higher than — 10° until the sections were dry, 


* Supported in part by a grant from the American Cancer Society on recommenda- 
tion of the Committee on Growth of the National Research Council. 

' The abbreviations used include glutamic dehydrogenase, GDH, malice dehydro- 
genase, MDH, tris(hydroxymethyl)aminomethane, Tris, oxidized and reduced di- 
phosphopyridine nucleotide DPN* and DPNH, respectively. 
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in order that cell bodies could be clearly visualized. Sections were cut at 
20 to 25 uw for the same reason, even though this usually cut off parts of the 
larger cell bodies. Dissection was accomplished free hand at room tem- 
perature under about 90 X magnification by teasing out with metal needles 
which were ground to a fine blade-shaped point. Dorsal root ganglion cel] 
bodies are very easily visualized. The capsule was teased off and analyzed 
separately; however, the capsular material was probably contaminated 
with some of the surrounding nervous tissue. Anterior horn cell bodies 
were harder to see, but usually could be dissected cleanly because of a 
distinct line of cleavage. After dissection they presented the characteristic 
thorn-like appearance. The success of dissection was frequently confirmed 
by staining. Only occasionally were tags of surrounding neuropile found 
to be attached. 

Reaction Tubes and Pipettes—The tubes for incubation were 1.6 to 1.8 
mm. bore and 50 mm. long and each tip was carefully drawn to a truncated 
cone 6 to 8 mm. long with a 0.4 to 0.6 mm. bore at the narrow end. This 
end was sealed off with a hot flame to avoid a thread-like prolongation of 
the lumen which could trap material and make cleaning difficult. All 
tubes were examined under a microscope and rejected if they did not meet 
specifications. The cleaning of such tubes has been described (3). 

Constriction pipettes (4) were used throughout. For introduction of 
the reagent into the bottom of the cone-tipped tubes the pipette tips had 
to be straight and not over 0.2 mm. in outer diameter. With the smallest 
pipettes (0.1 to 0.2 ul.) the bore was large enough to place the constriction 
not more than 2 or 3 mm. from the tip, thus keeping the capillary force to 
a magnitude easily overcome during delivery (3). 

Weighing of Samples—The balance that was used is of the fish pole vari- 
ety previously described (2) but is 100 times more sensitive. ‘The quartz 
fiber is | em. long mounted in a glass tube of 8 mm, bore and 20 mm. 
length, ‘The glass pan measures 0.2 * 0.2 mm. and weighs about 0.02 ¥. 
‘The sensitivity is about O.OOOL y corresponding to a displacement of 0.005 
min, ‘This displacement is measured with a micrometer ocular with O05 
Hin, rulings, mounted in the eye piece of a wide angled 
seape (2 objective and ‘The load is about G05 
Displacement is not linea with load and the weight has to he caleulated 
fromacurve ‘This curve ie eatablished by weimhing eryetale of 
quinine bromide whieh are dissolvedin of The solutions 
are compared fhorometrically with standards prepared on a macro seale. 
(Quinine sulfate crystals are unsuitable, being flat and therefore very hard 
to remove from the pan.) Unfortunately dust may collect on the fiber 
and change the rest point and calibration. Tf the accumulation becomes 
excessive, the dust may be removed by eee drawing a 0.5 ul. droplet 
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of water along the fiber from back to front. The droplet of water is placed 
on the tip of a fine pipette or rod. It is probably unnecessary to coat the 
fiber with platinum, but the balance case should contain a generous amount 
of radium. Cool illumination is provided by a fluorescent light focused 
onto the pan from some distance. 

Samples are manipulated on and off the balance with a hair point (2) 
which is sharpened with a razor blade to about 10 u at the tip. 


B- DETAIL 
Lay 


— 
B 
SIDE 
A VIEW 
TOP 
VIEW 


Fig. 1. The rack and pinion device (A) is for manipulating the sample holder 
(H) while loading samples (S) onto quartz fiber balance. The spring (Sp) holds the 
holder in place. The rack and pinion device (B) is for transferring samples into the 
reagent in the bottom of the incubation tubes. Sp holds quartz or glass needle in 
position. ‘The needle is 8 or 10 em. long, 0.5 to 1 mm. in diameter, and tapered ab- 
ruptly to a short tip 10 or 20 yin diameter, ‘2 detail’ shows the sample just before 
delivery into the reagent. bither device may be constructed from an old microscope 


stand. 


A preat convemence but not a necessity is a device for hold 
Hig the plate of (ig ‘Phin ie provided with a rack pinion 
the tip of the plate and the sarples directly mite the ease andes 

Addition of Sample to Ruffer Subatrate Reagent As wall be be 
law a most eritical step is the bringing together of dry sample and buffer 
substrate solution. ‘The procedure adopted was first to introduce the com- 
plete substrate reagent (0.2 to t ul.) into the tip of the incubation tube and 
to insert the dry sample directly into the reagent. Hach tube is then placed 
in an ice bath until all samples are ready for incubation. A simple mechan- 
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ical loading device is required (Fig. 1). The incubation tube is laid in a 
groove supported on a rack and pinion which is so arranged that the tube 
may be racked horizontally onto a stationary needle until the needle tip 
reaches the bottom. While observing the process through a low power 
wide angle microscope, the sample is placed with a fine tipped hair point 
onto the needle tip to which it readily adheres. The tube is racked along 
until the sample is introduced into the middle of the meniscus of the buffer- 
substrate in the bottom of the tube. The whole loading process requires 
less than 1 minute. 

Preventing Evaporation—When the incubation volume is very small and 
the incubation time is prolonged, a substantial amount of water may evap- 
orate or distill onto the upper wall of the tube, even though the tube is 
well capped. Therefore, with volumes of 0.5 ul. or less and incubation 
times longer than 30 minutes, each sample is covered with a 3 to 5 mm. 
column of redistilled hexane. In this case the tubes are not covered indi- 
vidually during incubation, but a sheet of aluminum foil is placed over the 
rack of tubes to keep out dust. After incubation, the hexane is withdrawn 
with a fine pipette and the last traces are removed by drawing air through 
the same pipette with the tip held just above the aqueous layer. If the 
reaction has been stopped as usual by chilling in an ice bath, each tube is 
warmed momentarily with the fingers to hasten hexane evaporation. <A 
trace of hexane if left may cause turbidity in subsequent steps. With a 
hexane protective layer 0.2 ul. samples are not detectably changed in vol- 
ume when incubated for as long as 24 hours, although much of the hexane 
disappears. 

Glutamic-Aspartic Transaminase—The enzyme is allowed to act on a 
mixture of a-ketoglutarate and aspartate in the presence of DPNH and an 
excess of purified pig heart MDH. Oxalacetate produced is immediately 
reduced to malate and the DPNt formed is measured fluorometrically. A 
similar method has been described previously with malate instead of DPN+ 
measurement (5). The method proposed is, however, much more sensitive, 
since final concentrations as low as 10~-§ Mm DPN+ may be easily measured 
(5). LaDue etal. (6) used the same enzyme system for transaminase assay 
but measured the decrease in DPNH absorption at, 340 mig. ‘This is sev- 
eral thousand fold less sensitive than the fluorometric method, 

Mach dry sample weighing 0.005 to 0.03 y is added to 1 yl. of reagent 
consisting Of a-ketoglutarate, 40 tim aspartate, dmg, per cent pyr 
doxal phosphate, DPNTL, 2O tom per cent bovine 
Placa albumin, aod purtied MOTH allan Ob ‘Tie at The 
preparation and the concentration used are unchanged trom the 
previous method (4), 

Mach tube with sample is capped with Parafilm and placed ina raek im 
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an ice bath together with blanks and standards (0.2 mm DPN?t prepared 
in the complete reagent). No mixing is required and is undesirable. The 
set of tubes is incubated for 30 minutes at 38° and returned to the ice bath 
and at once 1 ul. of 0.5 N HCl is added to each tube to stop the reaction 
and destroy the remaining DPNH. Fluorescence is developed by the ad- 
dition of 20 ul. of 7 N NaOH followed by standing for 60 minutes at room 
temperature. An aliquot of 20 ul. is added to 1 ml. of water in a 3 ml. 
fluorometer tube and the fluorescence is measured (5). 

Glutamic Dehydrogenase—The method for measuring this enzyme is a 
simple micro modification of a published procedure (5). For samples of 
0.005 to 0.02 y dry weight the incubation volume is reduced to 0.5 ul., 
with a reagent made in 0.05 per cent crystalline bovine albumin with 0.1 
mM DPNH. Incubation is carried out as described for transaminase. 
The reaction is stopped with 0.25 ul. of 0.6 x HCl which is followed by 5 
ul. of 7 N NaOH. After 60 minutes a 5 ul. aliquot is added to 50 ul. of 
water in a fluorometer tube of 3 to 3.2 mm. bore. The fluorescence is 
read by using a special adapter (3). Standards consist of 0.5 ul. aliquots 
of 0.03 mm DPN? prepared in complete buffer-substrate reagent. Stand- 
ards and blanks are incubated and otherwise treated exactly like the sam- 
ples. 

Phosphoglucoisomerase—This is a micro modification of a method to be 
published.2, The reagent consists of a 90 mm solution of glucose-6-phos- 
phate and 0.05 per cent bovine albumin in 0.1 m Tris, pH 8. 

The dry sample weighing 0.005 to 0.03 y is added to 0.5 ul. of reagent 
and incubated for 30 minutes at 38° as described for transaminase. After 
incubation 50 ul. of a reagent which consists of a fresh mixture of 40 vol- 
umes of 20 N H2SO, with 1 volume of 0.4 per cent resorcinol-1 per cent 
thiourea in glacial acetic acid are added. The samples are mixed well, 
capped loosely with aluminum foil, and heated for 20 minutes at 60°. The 
samples are read in micro cells (7) in the Beckman spectrophotometer at 
500 mp. Since both blanks and samples change somewhat with time, the 
samples are read as rapidly as possible and enough blanks and standards 
(3 mM fructose made in the complete buffer substrate) are included to per- 
nuit some to be read both before and after the tissue samples, If signifi- 
cant changes are observed in the blank and standard readings, the tissue 
Values are adjusted accordingly, Fructose has been found to give 125 per 
cont as color as fructose phosphate on a molar basin, The stand 
pl) are therefore equivalent to tole of 6 
Phosphate ‘Phe color obtamed with in differs trons Chat 
produced with PCT OS) by berg (a) etable to light, stronger 


* Buell, MOV, Lowry, OTE Kapphahn, and Moberta, 
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in absorption with an absorption maximum at a shorter wave-length, and 
(c) less influenced by slight changes in acidity. 

Malic Dehydrogenase—MDH is allowed to reduce oxalacetate with 
DPNH and the DPN*+ formed is measured fluorometrically (5). Since 
brain is very rich in MDH, and the enzyme is measured in the faster direc- 
tion, and since DPN+t may be readily measured at a dilution of 107° m, 
the method is exceedingly sensitive in terms of the amount of brain re- 
quired. The procedure is described for brain homogenate, since it has not 
yet been applied to dry tissue samples. 

The buffer-substrate reagent consists of 0.5 mm oxalacetate (fresh), 0.25 
mm DPNH, and 0.05 per cent crystalline bovine albumin in 0.1 m Tris at 
pH 8.6. 

A 0.25 wl. volume of ice-cold buffer-substrate reagent containing 5 to 
25 & 10-5 y of brain (1 to 5 X 10-5 y dry weight) is placed in the bottom 
of an incubation tube in an ice bath and covered with several mm. of hex- 
ane. <A rack of tubes is incubated for 60 minutes at 38° and returned to 
the ice bath. The hexane is removed as described above. The DPNH is 
destroyed with 1 ul. of 0.2 nN HCl with gentle buzzing to mix. Fluorescence 
is developed by the addition of 5 wi. of 8 N NaOH with incubation for 60 
minutes at room temperature. A 5 ul. aliquot is added to 50 ul. of water 
in a fluorometer tube and the fluorescence is read as in the case of GDH 
above. 

Because of the sensitivity of the analytical method for DPN* measure- 
ment, it was possible to determine the velocity of brain MDH with very 
low levels of oxalacetate and DPNH. The respective Michaelis constants 
were found to be 0.046 and 0.045 mm. The pH optimum in Tris buffer is 
about 8.2 with little difference through the range pH 7.8 to 8.6. 

The MDH activity of brain homogenates is about 40 moles per kilo wet 
weight per hour at 38°. This is about 4 times that found when the reaction 
is measured in the reverse direction at pH 10 (9). 

The oxalacetate must be sufficiently fresh to be low in pyruvate, as other- 
wise lactic dehydrogenase would interfere. However, since the K,, for 
brain lactic dehydrogenase (rabbit) is 0.15 mM, a 5 per cent decomposition 
of the 0.5 mm oxalacetate substrate would give a pyruvate concentration 
(0.025 mm) such as to measure only 15 per cent of lactic dehydrogenase 
activity present. In average brain this would constitute only a 3 per cent 
positive error in MDH activity. 


Macro- versus Micro-Analyses 


Before single cell bodies could be successfully analyzed it was necessary 
(1) to find out how to analyze brain homogenates containing a mass of tis: 
sue equal to a single cell body and (2) to analyze correctly dry tissue sam 
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ples equal to single cell bodies in size from a brain area of known composi- 
tion. Different kinds of difficulties were encountered in these two steps. 
Brain Homogenates—Given methods of sufficient sensitivity it was found 
that the same enzyme activities could be obtained with 0.05 y samples of 
brain (0.01 y dry weight) as with macro samples (5 y), provided sufficient 
inactive protein was present (crystalline bovine albumin) and provided 
evaporation during incubation could be controlled (Table I). Albumin is 
particularly important for GDH, for example (Table I), or for any enzyme 


TABLE I 
Measurement of Four Enzyme Activities in Rabbit Brain Homogenates 
Wet weights are given. Note that the weights for MDH are given in millimicro- 
grams (0.001 y). The activities are recorded as moles of substrate converted per 
kilo wet weight per hour. Hexane was used during incubation with MDH micro 
samples and the last four isomerase samples. 


Isomerase GDH Transaminase MDH 

Weight Activity Weight Activity Weight Activity Weight Activity 

+ | mugm. 

13.3 23.6 4.51 6.88 23 42 
0.136 24.7 0.029 1.16 0.046 7.16 0.21 37 
0.136 23.7 0.029 1.21 0.046 6.92 0.21 34 
0.136 22.9 0.029 1.25 0.046 7.02 0.21 22 
0.136 24.2 0.029 1.23 0.018 6.77 0.21 44 
0.136 24.1 0.029 0.70* 0.018 6.77 0.21 42 

11.0 26.3T 0.029 0.82* 0.018 6.80 0.053 32 
0.069 25.6 0.029 0.84* 0.011 6.80 0.053 36 
0.069 25.57 0.029 1.03f 0.011 6.62 0.053 35 
0.069 25.2t | 0.029 0.84t 0.011 6.75 | 0.053 36 
0.069 25.5T | 0.029 0.86f 0.011 | 6.36 0.053 35 
* Bovine albumin concentration reduced from 0.05 to 0.01 per cent. 

+ These values were obtained with another brain homogenate. 

t Samples mixed vigorously before incubation; the rest are unmixed. 

if measured in a very small sample or at a very high dilution. MDH activ- 


ity with 0.0002 7 samples was only half as great in 0.01 per cent albumin 


as in 0.05 per cent albumin (not shown). 


Isomerase values were about 


one-third the proper level and very erratic if albumin was omitted. 
Violent agitation is also detrimental (see GDI in Table 1), presumably 

hecause of surface denaturation, 
It is difficult to analyze micro samples and truly macro samples by the 


same procedures for comparison, 


‘Thus to analyze |p. of brain, wet 


weight, for MDE under the conditions of ‘Table | would require a liter of 
reagent per sample, 


= 
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Dry Tissue Sections—When analytical techniques which gave consistent 
and proper values with homogenates were applied to small dry tissue sec- 
tions (0.005 to 0.03 y dry weight), the results were discordant and low. 
Mixing was found to be particularly dangerous when working with dry 
sections because of the danger of trapping the section on the wall of the 
tube above the bulk of the fluid. Mixing has therefore been avoided en- 
tirely until after incubation. Diffusion provides sufficient mixing because 
of the smal] dimensions of the fluid volume and because the dry sample is 
added to a ready mixed reagent. Therefore the liquid phase, at least, is 
homogeneous and trouble would occur only through depletion of substrate 
in the vicinity of the sample which in its entirety is as small as the usual 
particle of an ordinary homogenate. 

There proved, however, to be more serious troubles than mixing. Re- 
sults were particularly bad with sections which had been stored at —20° 
in tubes ready for analysis. This was baffling, since it had been shown 
that whole dry sections or large (2 y) pieces could be stored for months or 
years at —20° with little or no loss in most enzyme activities. The trouble 
was finally traced to the condensation of moisture onto the minute sample 
from the 0.1 ml. of air in the reaction tube. This occurred when the sam- 
ples were placed in a deep freeze for storage or when placed in an ice bath 
(as was customary) prior to addition of substrate reagent. Moisture even 
distilled onto the sample if fluid was placed nearby on the tube or held 
near the sample on the tip of a pipette. Under all these circumstances a 
small droplet of fluid instantly collected around the sample and the enzyme 
activity decreased 10 to 75 per cent depending on the enzyme, the tempera- 
ture, and the time interval before addition of substrate reagent. _Phospho- 
glucoisomerase was used for most of the tests, but other enzymes were 
similarly affected. It is not clear why the moisture was so harmful, since 
the enzymes tested are comparatively stable in water homogenates. Sam- 
ples were placed in 0.05 uw). droplets of water, Tris buffer at pH 8, or 0.05 
per cent bovine serum albumin. Full activity was subsequently obtained 
with either buffer or albumin present, whereas with water alone the activ- 
ity was a third of that obtained with larger specimens. This suggests that 
either CO, from the air or alkali from the glass may have been harmful or 
surface denaturation may have occurred. Coating the glass tubes with 
silicone (Dri-Film) was not helpful. The phenomenon was not observed 
with larger samples, since there was insufficient moisture in the air of the 
reaction tubes to flood them. (A 0.1 ml. volume of air at 30° with 50 per 
cent humidity contains only about 0.005 yl. of water.) 

Regardless of the full explanation the difficulty could be avoided by re- 
versing the usual practice and adding the freshly dissected sample to the 
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reagent already in the tube as described above. ‘This also avoided the dan- 
ger of trapping the sample on the pipette tip. 

With the revised procedure 0.01 7 dry samples gave reproducible enzyme 
activities. The mean values were within 20 per cent of those obtained with 
much larger specimens from the same part of the brain (Table II). The 


TABLE II 
Measurement of Three Enzyme Activities of Large and Small Dry Brain Samples 
The samples were all obtained from the zona radiata (chiefly dendrites) of Am- 
mon’s horn of a single rabbit (20 4 sections). The macro samples were incubated in 
50 to 100 times larger volumes of reagent than were the micro samples. The activity 
is recorded as moles per kilo dry weight per hour. 


Transaminase GDH Isomerase 
Weight Activity Weight | Activity | Weight Activity 
| | | | 
Average.... 1470 26.8* 1560 | 1100 149* 
14.0 28.3 12.1 y Pe | 21.6 124 
9.6 26.6 13.4 2.63 | 22.4 125 
9.2 24.6 16.4 3.33 | 16.5 120 
12.6 22.9 13.4 2.38 | 14.0 100 
11.9 28.4 12.6 2.64 | 18.6 139 
7.8 29.9 9.1 2.39 19.5 124 
12.2 26.5 11.1 2.49 21.5 139 
9.1 30.0 15.6 2.42 19.8 121 
9.3 28.6 12.9 2.53 
11.6 29.8 14.7 2.13 
Average... 10.7 27.6 13.1 2.47 19.2 124 
| «0.18 | 11 


* Only the averages (six to eight determinations each) are recorded for these 
macro-analyses. 


larger standard deviations for the smaller sections do not necessarily indi- 
cate greater inaccuracies, since there must be histological differences be- 
tween each of the small samples (20 X 50 * 50 uw) even though they were 
taken from as uniform an area of the brain as possible. ‘The higher average 
values for GDH with the small samples may reflect better access of sub- 
strate to enzyme in the smaller incubation volume. ‘The isomerase values 
are still a little low on the single cell scale, but the method should neverthe- 
less be useful, 
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Analytical Results 


The large cell bodies, in comparison to whole brain, are about average 
in glutamic-aspartic transaminase, somewhat low in GDH, and quite low 
in phosphoglucoisomerase (Table II1]). The data for the first two enzymes 
are consonant with the values for these enzymes in the cell body lavers of 


TABLE III 
Activity of Three Enzymes in Single Large Cell Bodies and Related Structures 
The activities are recorded as moles of substrate converted per kilo dry weight 
per hour. 


Phosphoglucoiso- Glutamic-aspartic | Glutamic dehydro- 
merase transaminase genase 
Weight Weight Weight Activity 

Dorsal root ganglion cells (type 
0.010 (11)f; 39 {0.010 (7) | 27.9 |0.009 (6); 1.98 
+4f +1.5 +0.25 

Dorsal root ganglion cells (type 
0.010 (10) | 29 }0.011 (4) | 31.3 0.010 3.04 
+3 +2.2 +0.20 

Capsules of dorsal root gan- 
0.011 (8) 18 0.008 (5) | 4.9 0.008 1.22 
+4 +0.6 +0.13 

White fibers within dorsal root 

0.025 (6) 11 0.018 (5) | 2.4 0.022 (6); 0.26 
+3 +0.2 +0.02 
Anterior horn cell bodies........0.010 (13) | 24 {0.010 (10)! 26.0 0.008 (6)| 2.86 
+3 +1.2 +0.24 
Ammon’s horn stratum radiata.'0.016 (6) | 121 |0.014 (7) | 25.6 {0.016 (7); 2.30 
+2 +0.4 +0.19 
Whole brain homogenate....... 0.014 (4) | 127 0.015 (4) | 33.8 0.007 (4)| 5.1 
+1 +0.2 +0.1 


* Type A cells in comparison with type B cells were larger and somewhat less 
dense in appearance and in stainability (thionine). 

{ The figures in parentheses represent the number of samples. 

t Standard error of the mean. 


cerebellum and Ammon’s horn (9, 10).2. These cell body layers were also 
relatively low in isomerase, although not as low as the single large cell bod- 
ies. Perhaps the higher values in the cell body layers are due to contam- 
ination with other nervous elements richer in this enzyme, since these layers 
must contain at least 30 or 40 per cent of non-cell body material. 

The differences between the cell bodies themselves are of interest in view 
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of the known differential sensitivity of various cell bodies to various toxic 
agents and neurotropic viruses. 
Fuller discussion of these data is probably premature. 


SUMMARY 


1. Procedures are presented for measuring GDH, glutamic-aspartic trans- 
aminase, and phosphoglucoisomerase in single large cell bodies and other 
structures of similar size (0.005 to 0.03 y dry weight), together with a de- 
scription of the difficulties to be avoided. 

2. The activities of these three enzymes are recorded for anterior horn 
cell bodies, dorsal root ganglion cell bodies, and adjacent structures in the 
dorsal root ganglion of the rabbit. Isomerase is especially low in cell bod- 
ies; GDH is about half that of average brain. Substantial differences are 
found in the composition of the two types of cell body. 

3. A method for MDH is presented which requires only 10-> y of dry 
brain, t.e. one-two thousandth the mass of a large single cell body. 


BIBLIOGRAPHY 


. Lowry, O. H., Sctence, 116, 526 (1952). 

. Lowry, O. H., J. Histochem. and Cytochem., 1, 420 (1953). 

. Lowry, O. H., Roberts, N. R., Leiner, K. Y., Wu, M.-L., and Farr, A. L., J. Biol. 
Chem., 207, 1 (1954). 

. Levy, M., Compt.-rend. trav. Lab. Carlsberg, Série chim., 21, 191 (1936). 

. Lowry, O. H., Roberts, N. R., and Lewis, C., J. Biol. Chem., 220, 879 (1956). 

. LaDue, J.S8., Wréblewski, F., and Karmen, A., Science, 120, 497 (1954). 

. Lowry, O. H., and Bessey, O. A., J. Biol. Chem., 163, 633 (1946). 

. Roe, J. H., Epstein, J. H., and Goldstein, N. P., J. Biol. Chem., 178, 839 (1949). 

. Robins, E., Roberts, N. R., Eydt, K. M., Lowry, O. H., and Smith, D. E., J. 
Biol. Chem., 218, 897 (1956). 

10. Strominger, J. L., and Lowry, O. H., J. Biol. Chem., 213, 635 (1955). 


“1S 


OO 


XUM 


lh 
F 
T 
a 
f¢ 
p 
c] 
be 
pl 


THE CONVERSION OF CHOLESTEROL-4-C™ TO ACIDS AND 
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Since the finding by Bloch, Berg, and Rittenberg that cholesterol could 
be converted to cholic acid in the dog (1), several groups have established 
bile acids to be the primary end-product of cholesterol degradation by the 
liver in the intact rat (2, 3), rabbit (4), and human (5). Most of the steps 
involved in the conversion are still unknown, although the experiments of 
Zabin and Barker (6) and Staple and Gurin (7) indicate that cholic acid 
may be formed from cholesterol through the loss of only the 3 terminal 
carbons. Bergstrém, Paabo, and Rumpf have presented evidence that 
ring substitution may precede degradation of the side chain (8). Experi- 
ments utilizing liver preparations zn vitro which can oxidize cholesterol to 
CO, appear to offer a reasonable approach to further clarification of the 
degradation mechanism, and several such systems have been described. 
The oxidation of the terminal carbon of the cholesterol side chain by tissue 
slices prepared from several organs, including liver, was reported by Meier, 
Siperstein, and Chaikoff (9). A cell-free preparation, containing mouse 
liver mitochondria and a soluble cofactor, which can oxidize over 10. per 
cent of the added cholesterol-26-C™ to C'%O, has been reported from this 
laboratory (10, 11). <A particulate system from rat liver which oxidized 
cholesterol to CO: has also been reported by Lynn, Staple, and Gurin (12). 
They have reported finding as products 25-dehydrocholesterol and a steroid 
aldehyde and acid containing the radioactive terminal carbon (13). 

In this paper we wish to report the analysis of the degradation products 
following the incubation of cholesterol-4-C" in the mouse liver mitochondrial 
system. The results indicate that this liver cell fraction is capable of the 
production of several acids from cholesterol. Several other products, in- 
cluding cholesterol esters and a neutral steroid tentatively identified as 
25- or 26-hydroxycholesterol, also accumulate during the reaction and may 
be involved in the conversion to acidic steroids. 


Materials and Methods 


Reference Compounds—25-Hydroxycholesterol (A*-cholestene-38 ,25-diol) 
was prepared by hydrolysis of the acetate. Three recrystallizations of the 
product yielded fine needles with a melting point of 181-181.5°; [a]?* 
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—38.3° (2 per cent in CHCI;) (published data; m.p. 181.5-182.5° (14)), 
—38.6° (15). 25-Dehydrocholesterol was prepared from 25-hydroxy- 
cholesteryl acetate (14), and 7-hydroxycholesterol (A*-cholestene-3 
diol) from cholesterol after the method of Fieser ct al. (16). The product 
contained no material absorbing in the ultraviolet above 220 mu, reacted 
strongly with the Lifschiitz reagent, and had a melting point of 156-159°. 
Chenodeoxycholic acid was isolated from goose bile (17). Cholestenone, 
25-ketonorcholesterol, and cholesterol-26-C™ were synthesized by Dr. M. 
Horning. Cholesteryl acetate was made from cholesterol in the conven- 
tional manner. 25-Hydroxycholesteryl acetate and 36-acetoxy-5-cho- 
lesten-25-one were kindly supplied by Dr. August Ryer, Schering Corpora- 
tion, Bloomfield, New Jersey, cholesteryl esters by Dr. C. R. Treadwell, 
George Washington University, lithocholic, dehydrocholic, and deoxycholic 
acids were obtained from the Nutritional Biochemicals Corporation, cho- 
lesterol from the Fisher Scientific Company, and cholic acid from the East- 
man Chemicals Department, Eastman Kodak Company. 

Incubations—Cholesterol-4-C' was incubated! as a serum albumin- 
stabilized emulsion with washed mouse liver mitochondria, the heat-stable 
soluble fraction of whole liver homogenate, adenylic acid, nicotinamide, 
diphosphopyridine nucleotide, glutathione,  tris(hydroxymethy])amino- 
methane buffer, and sucrose as described previously (11). No significant 
radioactivity was obtained in the KOH wells suspended within the flasks. 
This is in agreement with previous reports which indicated lack of conver- 
sion of cholesterol-4-C™ to CO. in liver slices (9) and in the whole animal 
(18). Cholesterol-26-C™ was incubated separately in a single flask in most 
experiments, and radioactivity recovered as carbon dioxide provided a 
measure of the side chain degradation occurring with each mitochondrial 
preparation used. 

Lipide Extractions—Immediately after incubation, the contents of the 
flasks were either lyophilized and extracted three times with acetone- 
ethanol (1:1), or the aqueous mixtures were repeatedly extracted with 
methylene choloride followed by diethyl ether. Extractions were made at 
room temperature and solvents were evaporated under nitrogen by distilla- 
tion in vacuo. Extracts obtained after saponifications at elevated tempera- 
tures were concentrated on the steam bath under nitrogen. All extracts 
were stored in sealed containers at —15° during the time elapsed before 
analysis. 

Identification of Acids—The presence of the carboxyl group in appropri- 
ate fractions of the total lipide extract was established by (1) the extract- 


1 Cholesterol-4-C'4 was obtained from Radioactive Products, Detroit, Michigan. 
This material, which had a specific activity of approximately 2.5 wc. per mg., was re- 
peatedly purified by chromatography on alumina and recrystallization during the 
course of the experiments. 
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ability of the radioactivity from an ether solution by three extractions with 
equal volumes of 0.4 mM Nao&CO; and (2) precipitation with carrier cholic 
acid as the iron salt complex described by Doubilet (19). None of the 
acidic radioactive material was steam-volatile. The acids were further 
separated by paper chromatography or by counter-current distribution. 

Paper Chromatography—Bile acids were separated on the collidine-water 
system of Siperstein, Harold, Chaikoff, and Dauben (20), or the systems of 
Sjévall (21) which employed (a) isopropyl ether-heptane (60:40)-HOAc 
(70 per cent), (b) isopropyl ether-heptane (20:80)-HOAc (70 per cent), 
(c) n-butanol-HOAc (70 per cent). Neutral steroids were separated on 
Quilon-treated paper (22), or by the system of Neher and Wettstein (23). 
One chromatographic system not previously described was developed to 
separate cholesterol and derivatives containing an additional free carbony] 
or hydroxyl group. For this purpose, development on Quilon paper with 
solvents of greater polarity than the 80 per cent ethanol used by Krit- 
chevsky and Calvin (22) was made possible by addition of benzene vapor 
from a wick placed in the chromatographic chamber. This provided the 
desired separations with excellent resolution not obtainable by the direct 
addition of benzene to the mobile phase. Cholesterol and 25-dehydro- 
cholesterol were more completely separated by the Neher-Wettstein system. 
However, in the attempted identification of 25-hydroxycholesterol among 
the products, the short movement of this compound in the latter system, 
even after 30 hours development, rendered the Quilon system more valuable 
in determining the distribution of radioactivity. Radioactivity was local- 
ized by radioautographs or by counting the paper directly as small strips 
placed on steel planchets in the gas flow counter. The position of reference 
compounds was located after development by spraying the dried paper 
with phosphomolybdic acid or antimony pentachloride (24). 

Other Methods—Except for those counts made directly on chromato- 
graphic strips, radioactivity was assayed by counting material as dried 
films on stainless steel planchets in a Robinson gas flow counter (25). The 
counts per minute were corrected to a sample absorption weight of 3.1 
mg. per sq. cm. Ketonic steroids were isolated as derivatives of 2 ,4-di- 
nitrophenylhydrazine or as mercuric iodide salts of the Girard hydrazone 
(26). Non-ketonic steroids were washed from the precipitate of the Girard 
salt by solution in acetone-ethanol and reprecipitation with heptane three 
times. Dehydrocholic acid (20 to 30 mg.) was added as carrier in each of 
the Girard Reagent T reactions. 


EXPERIMENTAL 


Isolation and Separation of Products—After preliminary experiments had 
indicated that significant amounts of cholesterol were being converted to 
both acidic and neutral products in the presence of intact mitochondria, 
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a relatively large scale experiment was performed in which 3.2 mg. of 
cholesterol-4-C™ (4.6 & 10° ¢.p.m.) were incubated with mouse liver mito- 
chondria for 3 hours. The CQO. trapped concurrently in the flask contain- 
ing cholesterol-26-C"™ contained 5 per cent of the radioactivity of the added 
substrate cholesterol. Following incubation, the contents of the flasks 
containing the ring-labeled cholesterol were pooled and essentially all 
(98.5 per cent) of the incubated radioactivity was recovered in the acetone- 


POOLED INCUBATION MIXTURE 
(4600)* 


LIPIDE EXTRACTS 


(4594) 
HYDROLYZED NOT HYDROLYZED 
(3700) 
| 
4N NaOH EXTRACTION ISOLATION 
125° CONJUGATED OF 
BILE ACIDS" ESTERS 


ETHANOL 


FRACTION I (HEPTANE) AQUEOUS 
NON- FIA 
ON- SAPONIFIABLE ACIDIFIED 


(3150) ETHANOL EVAPORATED 


FRACTION IL FRACTION IIT FRACTION IY 
HEPTANE ETHER AQUEOUS 
(245) (106) (200) 


103 COUNTS PER MINUTE 


Fic. 1. Flow diagram for separation of the radioactive products from the incuba- 
tion mixture. 


ethanol extract. All activity remaining in the protein residue was recov- 
ered by Soxhlet extraction with ethanol. The further separation of the 
products is summarized in Fig. 1. The major portion of the extract, in- 
cluding all the radioactivity removed by Soxhlet extraction, was saponified 
in 4 N NaOH at 125° for 3 hours. An equal volume of ethanol was then 
added and the aqueous alcohol phase extracted three times with n-heptane. 
The ethanol was evaporated, after which the aqueous phase was acidified 
to pH 1 with H.SO,, and extracted with four portions of heptane, then with 
diethyl ether. Approximately 85 per cent of the radioactivity was re- 
covered as nonsaponifiable material in Fraction I (Fig. 1). Over 9.5 per 
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cent was removed from the acidified aqueous hydrolysate by heptane 
(Fraction II) and ether (Fraction III). The radioactivity remaining in 
the aqueous phase (Fraction IV) was reextracted with acetone-ethanol. 
Half of these counts proved to be digitonin-precipitable, and the remainder 
acidic. They were not further characterized. Thus, over 10 per cent of 
the cholesterol-4-C™ was converted to saponifiable material during the 
incubation. 

Acidic Products—The radioactivity in the ether extract, Fraction ITI, 
was essentially all alkali-extractable, and precipitable as the Doubilet salt. 
It was then repeatedly separated into three bands, designated as acid 


TaBLeE 
Characteristics of Acid Products 
Component gic ot Digitonin- | Ketonic Polarit ared to know i 
ono precipitable* | y compared to known acidst 
Fraction III 
Band A | 0.1 80-100 >Cholic 
0.8 0 | 0 Cholic 
| 1.9 35 20 | = Deoxycholic 
Fraction II 6.6 0 60 Minimum of 3 components;t{ 


bulk = deoxycholic 


* Digitonin precipitations were carried out in 8O per cent ethanol in the presence 
of carrier cholesterol. After 24 hours, the precipitates were washed three times 
with acetone-ethanol and the combined supernatant fluid and washes assayed for 
radioactivity. 

+ Comparison of polarity based on comparative ry values obtained with paper 
chromatography or by counter-current separation. 

t Of the Fraction II radioactivity, 2 per cent was retained at constant specific 
activity through six recrystallizations with authentic lithocholic acid. 


Bands A, B, and C, by paper chromatography on the collidine-water system. 
When the bands were eluted and rerun, each maintained its characteristic 
Rr. The Re values of Bands B and C were identical to those obtained with 
reference to cholic and deoxycholic acids, respectively. Two bands, corre- 
sponding to Bands B and C, were likewise obtained when the Sjévall system 
I was used to separate Fraction III. However, recrystallization with 
authentic compounds and further chromatography of acid Band C on the 
Sjévall system II established that these acidic products were not identical 
to cholic, deoxycholic, or chenodeoxycholic acid, Further chemical be- 
havior of acid Bands A, B, and C is summarized in Table I. None of the 
acids were available in sufficient quantities for infra-red analysis. 

Fraction II—Because of the much less favorable solubility properties 
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of heptane for the common bile acids, the radioactivity in Fraction I] was 
analyzed separately. Although a small fraction of the counts was found 
to represent cholesterol, over 90 per cent of the activity was alkali-extract- 
able, and precipitable as the Doubilet salt. As indicated in Table I, none 
of the acidic radioactive material was digitonin-precipitable, but the pres- 
ence of a mixture of acids was suggested by the result of the Girard Reagent 
T reaction, 60 per cent of the activity being precipitated as the hydrazone. 
Most of the radioactivity comprised a single broad component on the col- 
lidine-water system corresponding to deoxycholic acid and acid Band C 
of Fraction III. Fraction II was further separated by a twenty-five tube 
counter-current distribution, the system n-heptane-HOAc (97.5 per cent) 
developed by Ahrens and Craig (27) being used. Three radioactive peaks 
were obtained with approximate A values of 0.01, 0.17, and 0.20. K for 
bile acids obtained by Ahrens and Craig with this solvent system ranged 
from 0.004 for cholic acid to 0.24 for lithocholie acid. None of the longer 
chain fatty acids had a K value of less than 1.9 (27). None of the Frac- 
tion II radioactivity was retained upon recrystallization with either cholic 
or deoxycholic acid, although a fraction of the counts remained with litho- 
cholic acid through six recrystallizations (Table I). 

Neutral Products of Degradation—Experiments preliminary to the large 
scale incubation just described also indicated the presence of at least two 
major neutral products. In these experiments, radioactivity was recovered 
from the incubation mixtures by extraction with methylene chloride and 
then ether. The combined extracts were dried, taken up in ether, washed 
with alkali and water, dried again, and taken up in benzene and chromato- 
graphed on alumina as shown in Table II. Highly significant radioactivity 
was recovered in the benzene and acetone eluates from material isolated 
after incubation of cholesterol-4-C™ with intact mitochondria, but essen- 
tially none after control incubations containing boiled mitochondria. The 
experiments in Table III confirmed the absence of non-enzymatically pro- 
duced derivatives and suggested that the absence of the ‘‘soluble cofactor” 
(11) tended to decrease the production of the more polar derivative con- 
tained in the acetone eluate, while it enhanced the conversion to the less 
polar product. Partial identity of the neutral products was then estab- 
lished. 

Cholesterol E-sters—-Vhe benzene eluate was dried, taken up in heptane, 
and rechromatographed on alumina. Over 90 per cent of the activity was 
eluted with the less polar combination of benzene-heptane (1:9). When 
chromatographed on Quilon-treated paper and developed for 24 hours with 
70 per cent ethanol in the presence of benzene vapor, all of this radio- 
activity remained discretely at the origin. None of the eluted material 
was precipitable with digitonin. After hydrolysis in methanolic KOH, 


di 


in 
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TABLE II 

Alumina Chromatography of Neutral Steroid Products of Cholesterol Degradation 

Eluate radioactivity 
Eluate | Component steroids* ; 

| Controlt 

Benzene _ Esters, cholestenone | 6.9 0.1 
Ethvl acetate-benzene (1:19) | Cholesterol (?) 7.5 5.0 
(1:4) |Cholesterol, dihydrocholes- 193.3 | 225.0 
« se (1:4) terol, 25-ketonorcholes- | 2.4 | 0.7 

terol 

Acetone 25-Hydroxycholesterol 17.2 0.9 
Methanol 0.8 0.4 


* Determined by separate chromatography with authentic compounds. 

+ Control flasks contained boiled mitochondria. 

Alkaline alumina (5 gm.) was employed in columns 13 cm. high and 0.9 em. in 
diameter. The alumina was washed with acetone, then benzene, and charged with 
a benzene solution of the unknowns. All elutions were 50 ml. in volume. 


TaBLeE III 


Percentage Conversion of Cholesterol-4-C'4 to Products Isolated by 
Alumina Chromatography* 


The values are given in per cent of incubated cholesterol-4-C!' recovered. 


| Flask 1 | Flask 2 | Flask 3 


Intact mitochondria 
Alumina eluate — 
+ | + | of 


Soluble cofactor, + | Soluble cofactor, 0 | Soluble cofactor, + 
| | 
| 9.3 | <0.1 

1.2 | 0.7 


* Represents the unhydrolyzed contents of flasks extracted with methylene chlo- 
ride and ether following a 3 hour incubation. Chromatography was carried out as 
in Table II. 

t Mitochondria heated to 100° for 10 minutes before incubation. 


the bulk of the radioactivity became digitonin-precipitable and, when re- 
chromatographed on the same Quilon system, moved with an FP, identical 
to that of cholesterol. On this same system, authentic cholesteryl acetate, 
propionate, and butyrate moved from the origin toward the front, while 
the oleate, palmitate, and stearate esters remained at the origin. It was 
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then concluded that the enzymatically produced radioactivity in the ben- be 
zene eluates represented ester derivatives of cholesterol, and possibly other . 
similar sterols, probably containing fatty acids of chain lengths greater 2 
than 4 carbons. 

25- or 26-Hydroxycholesterol—The radioactivity in the acetone eluates ot 
obtained during the earlier experiments and from Fraction I (Table II) < 


appeared to be due to a single compound, as indicated by the presence of a 
discrete spot upon repeated paper chromatography, corresponding to the ‘I 
Ry of 25-hydroxycholesterol. On the Quilon system the activity ran well 
in advance of cholesterol and 76-hydroxycholesterol. Both the 7a and 78 
epimers of this compound have been determined to be among the principal 
products of the autoxidation of cholesterol in colloidal suspensions (28, 29), 
While not entirely satisfactory for location of radioactivity because of the 
slow movement of 25-hydroxycholesterol, repeated chromatography of the 
same material on the Neher-Wettstein system confirmed the absence of — 
significant radioactivity in the regions characteristic of both 7a- and 7£- 
hydroxycholesterol (30). No radioactivity was obtained in the mercuric 
iodide salt of the Girard hydrazone when aliquots of the acetone eluate 
were treated in the presence of carrier 25-ketonorcholesterol. The sug- 
gestion of a side chain-hydroxylated product offered by paper chromatog- 
raphy and the absence of a carbonyl group were augmented by the results 
of several color reactions. When sprayed on paper with SbCl; (20 per 
cent in chloroform), the 3 ,7-diol compound turned an immediate blue color, cad 
while the 3,25-diol and large amounts of the acetone eluate were both 
bright pink. The Lifschiitz reaction, adapted by Bergstrém for the quan- er 


titative determination of 7-hydroxycholesterol (28), was negative in the ™ 
presence of 25-hydroxycholesterol and the unknown material, but strongly liz 
positive in the presence of the 3,7-diol, when quantities of all three which 
produced colored spots of equal intensity with antimony pentachloride i. 
were used. 
The radioactive material in the acetone eluate of the neutral Fraction 
I was then recrystallized with authentic 25-hydroxycholesterol with the na 
results presented in Table IV. Constant specific activity corresponding to : 
three-quarters of the initial activity of the eluate was obtained on the fourth pr 
through the sixth recrystallizations. The final crystals had the same melt- es 


ing point as the starting material. Repeated crystallizations were per- th, 
formed twice more with material obtained both before and after hydrolysis | 


of the original lipide extract with the same results. o 

Dehydration of Polar Product—A separate aliquot of Fraction I was - 
chromatographed on alumina with 12 mg. of carrier authentic 3 ,25-diol. oe 
All the added carrier was recovered in the acetone eluate. To this eluate 


121 mg. more of the pure 3 ,25-diol were added, and the mixture containing 
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approximately 14,000 c.p.m. was acetylated in absolute pyridine and acetic 
anhydride. The resulting acetate was recovered and recrystallized with 
more (100 mg.) unlabeled 25-hydroxycholesteryl acetate. The specific 
activity of the recrystallized acetate was 63.0 c.p.m. per mg. (theoretical, 
60 ¢.p.m. per mg.). The acetate was then converted to 25-dehydrocholes- 
terol by phosphorus oxychloride dehydration, followed by hydrolysis (14). 
The product was recrystallized once from absolute methanol. The final 
specific activity of the white crystalline product was 66.2 ¢.p.m. per mg. 
The melting point and the infra-red spectrum of the product were identical 
with that of authentic 25-dehydrocholesterol. The retention of all the ra- 
dioactivity through the steps of this dehydration supplements the recrystal- 


TABLE IV 


Recrystallization of Radsoactivity in Acetone Eluate with Authentic 
26-H ydroxycholesterol* 


Recrystallization No. Solvent Specific activity 


C.p.m. per mg. 


1 Methanol 

2 13.0 
3 11.1 
4 | 9.3 
5 vty 9.1 
6 Ethyl] acetate 9.5 


i 


* A total of 1958 c.p.m. contained in the acetone eluate of products chromato- 
graphed on alkaline alumina was recrystallized with 150 mg. of 25-hydroxycholes- 
terol (theoretical specific activity = 13.1 c.p.m. per mg.). 


lization data and strongly suggests that the radioactivity in the polar 
neutral product represents 25- or, possibly, 26-hydroxycholesterol. Ra- 
dioactivity in a compound containing the proposed hydroxyl group at- 
tached to a more proximal side chain carbon such as 24-hydroxycholesterol, 
recently isolated from brain and other tissues by Ercoli and De Ruggieri 
(31), should not have been completely retained during conversion to a 
product containing a terminal double bond. 

Esterification of Neutral Product—The neutral Fraction I (Fig. 1) was 
compared by alumina chromatography before and after hydrolysis. Of 
the total neutral radioactivity, 3.4 per cent was present in the acetone 
eluate before and 7.9 per cent after hydrolysis. Only 1 per cent of the 
activity appeared in the ‘ester’ fraction after hydrolysis, and 22.7 per 
cent before. Thus a portion of the side chain-hydroxylated product is 
esterified, either before or after oxidation of the side chain. It is note- 
worthy that as much as one-fourth of the total sterol present was enzymat- 


| 
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ically esterified during the mitochondrial attack on cholesterol during 3 
hours of incubation. 

25-Dehydrocholesterol—This compound has been suggested as an early 
intermediate in mitochondrial cholesterol oxidation by previous work in 
this laboratory (11) and by Lynn et al. (13). When the radioactivity from 
the alumina fraction (Table II) containing carrier 25-dehydrocholesterol 
was chromatographed on a phenoxyethanol-heptane column capable of 
separating authentic cholesterol from 25-dehydrocholesterol,? only a frac- 
tion of 1 per cent of the radioactivity was present in the peak containing 
all the unlabeled carrier 25-dehydro compound. Since the original sub- 
strate had not been chromatographed on this column prior to incubation, 
the significance of the few counts obtained was questionable. The conclu- 
sion appears valid that 25-dehydrocholesterol does not accumulate in signifi- 
cant amounts as an intermediate in the oxidation of cholesterol by this 
mitochondrial system. 

Other Ketones—Appropriate portions of the alumina separations (Table 
II) of the neutral fraction were treated with 2 ,4-dinitrophenylhydrazine 
in the presence of carrier cholestenone and 25-ketonorcholesterol. No 
significant activity was present in the hydrazone of cholestenone and little 
in the 25-keto preparation, indicating that these ketones do not accumulate 
as products in the present system. 


DISCUSSION 


The present results indicate that the mitochondrial fraction of liver 
homogenates is capable of the conversion of cholesterol to a complex mix- 
ture of acidic steroids containing at least four components. The mouse 
liver was employed in preference to that of the rat because of higher rates 
of oxidation of cholesterol to CO2 obtained with mouse liver. Fewer data 
are available for comparison of the acids normally contained in mouse bile 
with the products obtained. However, the character of the latter, par- 
ticularly the presence of ketonic and digitonin-precipitable acids, suggests 
an incomplete degradation in this system. Of the four most common acids 
in mammalian bile, only small amounts of lithocholic acid were possibly 
present in the products. The close similarity in chromatographic behavior, 
but non-identity, of major components of the acids to cholic and chenode- 
oxy or deoxycholic acid could indicate the presence of similar ring substitu- 
tions but differences in side chain length. In this regard, the result is 
important of studies in progress with side chain-labeled cholesterol in 
amounts sufficient to verify the presence or absence of the terminal carbon 
among the several acid products. 


2? Unpublished results. 
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While the data presented offer substantial proof that the enzymatically 
produced more polar neutral product is 25-hydroxycholesterol, unequivocal 
identification and clarification of its réle as an intermediate in the produe- 
tion of bile acids await further experiments, including the possible isolation 
of carrier-free amounts for analysis. The participation of a 6-hydroxy- 
lated side chain derivative has been suggested by Haslewood (32) and by 
Lynn et al. (13). The logical position for secondary hydroxylation during 
conversion to bile acids would appear to be carbons 24 or 26, as suggested 
by these workers. Fieser has isolated 25-hydroxycholesterol as an autoxi- 
dation product in older samples of cholesterol (33). 

The presence of a liver cholesterol esterase in the microsomes has been 
described (34). The esterase activity of the mitochondria may represent 
contamination with this enzyme, or a separate mitochondrial enzyme. 
The rdéle of such an esterase in cholesterol degradation may be more than 
incidental, possibly affording protection of the 3-hydroxyl group while 
other portions of the molecule are being oxidized. Of interest in this regard 
is the observation that a greater proportion of the labeled hydroxycho- 
lesterol than that of the labeled cholesterol was esterified during the incu- 
bation. No major products suggestive of the C-21 steroids have thus far 
been isolated in keeping with the previous findings, indicating that bile 
acids are the principal end-products of liver oxidation of cholesterol. 


SUMMARY 


1. Cholesterol-4-C™ has been incubated with a cell-free preparation from 
mouse liver which has previously been shown to oxidize the terminal 
carbon of cholesterol to COs. The products of the degradation of ring- 
labeled substrate have been separated and partially characterized. 

2. Cholesterol is converted to at least four separate acids by the liver 
mitochondria. Two of these acids are similar to, but not identical with, 
cholic acid and deoxycholie or chenodeoxycholic acid. A ketonie acid and 
at least one digitonin-precipitable acid are also produced. 

3. An enzymatically produced neutral derivative of cholesterol, aecumu- 
lating during the reactions, has been tentatively identified as 25- or 26- 
hydroxycholesterol. 

4. A large fraction of the cholesterol and the neutral product are en- 
zymatically esterified during incubation. 


Acknowledgment is gratefully made to Dr. M. G. Horning and Dr. C. 
B. Anfinsen for helpful advice, and to Mr. Katsuto Ono for technical 
assistance during the course of this study. 
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RESPIRATORY ENZYME STUDIES IN 
TETRAHYMENA PYRIFORMIS* 


Il. REDUCED DIPHOSPHOPYRIDINE NUCLEOTIDE OXIDASE 
AND REDUCED DIPHOSPHOPYRIDINE NUCLEOTIDE 
CYTOCHROME ¢ REDUCTASE 


By HERBERT J. EICHEL 


(From the William Goldman Isotope Laboratory, Division of Biological Chemistry, 
Hahnemann Medical College, Philadelphia, Pennsylvania) 


(Received for publication, December 30, 1955) 


The DPNH! oxidase system has been studied in mammalian tissues (2, 3), 
bacteria (4), yeast (5, 6), plants (7-9), and insects (10,11). Slater (2) sug- 
gested that in particles of beef heart muscle the DPNH oxidase system con- 
sists of DPNH cytochrome c reductase (diaphorase plus the BAL-sensitive 
factor), cytochrome c, cytochrome a, and cytochrome c oxidase. Recently, 
Green et al. (12) obtained from beef heart mitochondria a DPNH oxidase 
preparation whose electron transfer sequence was claimed not to involve cy- 
tochrome c, while Huennekens e¢ al. (13) reported a non-flavin DPNH oxi- 
dase from pig heart with properties similar to Straub’s diaphorase (14). A 
soluble, highly purified DPNH cytochrome c reductase has been prepared 
from pigeon breast muscle and pig heart (15, 16) and shown to be a ferro- 
flavoprotein (17). Brodie (18) partially purified a DPNH cytochrome c 
reductase from Escherichia coli which was also a flavoprotein. Dolin (4) 
found DPNH oxidase and DPNH cytochrome c reductase systems in Strep- 
tococcus faecalis, and concluded that the two activities were due to different 
flavin-containing enzymes. In preparations obtained from peas (7, 9), cu- 
cumber (8), and yeast (6), ascorbic acid and its oxidase catalyze DPNH oxi- 
dation, suggesting that in these tissues a labile oxidation product of ascorbic 
acid may act as an electron acceptor for DPNH. 

In the first paper of this series (19), it was suggested that in the ciliated 
protozoan, Tetrahymena pyriformis, the succinoxidase system differs mark- 
edly from the classical scheme of electron transport between succinate and 
O.. Specifically, it was reported that, while cell-free homogenates rapidly 
consumed QO, in the presence of succinate and without added cytochrome c, 


* This investigation was supported in part by a research grant from the National 
Institutes of Health, Public Health Service. A preliminary report of this work (1) 
and a number of preliminary reports on bacterial DPNH oxidases, including those 
listed by Eichel et al. (1), have appeared recently (1). 

1 The following abbreviations will be used: DPNH = reduced diphosphopyridine 
nucleotide, DPN = oxidized diphosphopyridine nucleotide, BAL = British anti- 
Lewisite (2,3-dimercaptopropanol). 
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cytochrome ¢ oxidase activity was not demonstrable, Further, with sue. 
cinate as substrate, the rate of O» uptake with or without added eytochrome 
© was in excess of the rate of cytochrome ¢ reduction, In addition, cyanide 
and azide? inhibited succinate oxidation. The present investigation was 
undertaken to determine the occurrence of DPNH-oxidizing enzymes in 
Tetrahymena. It was also believed that some light might be shed on the 
general problem of electron transport in the protozoan. 


Methods 


Cultures and Preparation of Homogenates—Pure stock cultures of 7’. pyri- 
formis 8, W, and GL were maintained in a proteose-peptone-yeast extract 
medium as previously described (20). The cells were collected and homog- 
enized as reported earlier (19), except that, after being harvested, they were 
concentrated to a volume of 10 to 20 ml. 

Enzyme Assays—All spectrophotometric enzyme assays were carried out 
with a model DU Beckman spectrophotometer fitted with a thermospacer 
in which water circulated from a constant temperature bath maintained at 
94.8° + 0.2°. Allreactants except enzyme were incubated in the water bath 
prior to addition to cuvettes. The final volume of all reaction mixtures was 
3.0 ml. For convenience, the components of these mixtures will be pre- 
sented in connection with Tables I to IV and Figs. 1 and 2. The use of the 
word “water” as a component of the reaction mixtures refers to glass-dis- 
tilled water. Usually, the reference cuvette contained only water. Unless 
otherwise specified, all data refer to results obtained with preparations of 
the S strain. Specific activities were calculated with the values 6.22 x 10 
sq. cm. per mole as the molecular extinction coefficient of DPNH (21) and 
1.96 X 107 sq. cm. per mole as the difference between the molecular extinc- 
tion coefficients of oxidized and reduced cytochrome c (22). Nitrogen 
analyses were performed in duplicate by a micro-Kjeldahl procedure. 

Materials—The DPNH used in these studies was prepared enzymatically 
with crystalline aleohol dehydrogenase (23) and chemically with sodium 
hydrosulfite (24) from DPN of about 80 per cent purity obtained from the 
Sigma Chemical Company and the Pabst Laboratories. In some instances, 
the chemically reduced DPNH was made up in bicarbonate buffer, pH 9.7, 
or 0.1 mM KsHPO,-KH2PO, buffer, pH 7.4 or 8.2. DPNH concentrations 
were determined by using acetaldehyde and alcohol dehydrogenase at pH 
7.1 (23). Cytochrome c of about 70 per cent purity was obtained from the 
Sigma Chemical Company and Wyeth, Incorporated. Antimycin A was 
kindly supplied by Dr. F. M. Strong and was dissolved in ethy] alcohol, and 
Rhodospirillum rubrum cytochrome c was a gift of Dr. L. P. Vernon. A 
sample of Azotobacter vinelandii cytochrome 552 was obtained through the 


2 Kichel, H. J., unpublished data. 
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SECONDS © 


Fic. 1. Time-course of DPNH oxidase reaction in 7’. pyriformis homogenate and 
proof that DPN is a reaction product. The reaction mixture contained 0.20 umole 
of DPNH in 0.5 per cent NaHCO;-0.5 per cent Na2CO;, 0.3 ml. of 0.1 m KH2PO,, 
0.5 ml. of 0.1 m K2HPO,-KH2PQ,, pH 7.4, and water to a final volume of 3.0 ml. 
Homogenate from a 9 day-old culture was added last to start the reaction. At the 
arrow, a 2.0 ml. aliquot was removed and added to a second cuvette, together with 
0.3 ml. of 0.1 m pyrophosphate buffer, pH 9.0, 0.1 ml. of 95 per cent ethyl alcohol 
(EtOH), and 0.57 ml. of water. The optical density was recorded, 0.03 ml. of an 
aleohol dehydrogenase (ADH) solution added, and the increase in absorption meas- 
ured. Correction was made for the amount of DPN present initially in the DPNH 
preparation. The final level of DPNH attained after the addition of ADH and 
EtOH actually represents 90 per cent regeneration of the DPN formed in the pri- 
mary reaction since only two-thirds of this reaction mixture was taken for the test. 


Results 


Spectrophotometric Demonstration of DPNH Oxidase—A typical experi- 
ment designed to show the oxidation of DPNH by Tetrahymena homogenate 
is illustrated in Fig. 1, where the disappearance of the 340 my peak 
of DPNH is plotted as a function of time. It can be seen that the reaction 


proceeds union rate until a conmderable portion of the 
dived, After the reaction goes to completion, aa measured by the absences 
of further change in light absorption at S40 my, the addition of crystalline 
aleohol dehydrogenase and ethyl aleohol at pH 9.0 immediately regenerates 
90 per cent of the DPNEH. This proves that the DPNH disappearance is 
due to oxidation and not to destruction by a nucleosidase or pyrophospha- 
tase. Some enzymatic destruction of DPN during the period of the pri- 


TABLE I 


DPNH Oxidase and DPNH Cytochrome c Reductase 
Activities in Homogenates of T'. pyriformis 

For the measurement of DPNH oxidase activity, the following components were 
added to each cuvette in the order given: 0.23 to 0.31 umole of DPNH in 0.6 ml, 
of 0.5 per cent NaHCO;-0.5 per cent Nav»COs;, 0.3 ml. of 0.1 m KH2PO,, 0.5 ml. of 0.1 
M K-HPO,-KH2PO,, pH 7.4, water to make a final volume of 3.0 ml., and a suitable 
amount of homogenate (usually containing 0.025 to 0.093 mg. of N). For assays of 
DPNH cytochrome c reductase activity, the system was identical, except that 0.07 
pmole of cytochrome c was added to each cuvette after the phosphate buffer. Ina 
few tests for DPNH oxidase, homogenate was added first, followed by 0.6 ml. of 0.1 
mM KH.PO,-K2HPO,, pH 8.2, water, and 0.17 wymole of DPNH in 0.4 ml. of 0.1 m 
KH2PO,-K2HPO,, pH 8.2. Assays were performed as soon as possible after prepa- 
ration of homogenates. All the observed values for DPNH oxidase activity of § 
homogenates obtained at pH 7.4 have been corrected to pH 8.2 by multiplying by a 
factor of 1.37 (see section on effect of pH, etc. in Paper III, following). The age of the 
S cultures used ranged from 2 to 10 days. Both of the GL cultures were 4 days old. 


Specific activity 


Strain tested 
DPNH oxidase* DPNH cytochrome c reductaset 
S 0.546f (0.308-0.871) 0.246§ (0.180-0.336) 
GL 0.118 (0.116, 0.120) 0.147 (0.085, 0.208) 


* Micromoles of DPNH oxidized per minute per mg. of N. 

t Micromoles of cytochrome c reduced per minute per mg. of N. 
t Seventeen preparations tested. 

§ Eleven preparations tested. 


mary reaction might explain the small loss of DPNH in this experiment. 
The results are essentially the same whether enzymatically or chemically re- 
duced DPNH is used as substrate. The addition of 5 to 20 mg. of nicotin- 
amide has little effect on the rate of DPNH oxidation, while 30 mg. are 
somewhat inhibitory. Table I summarizes the specific activity of DPNH 
oxidase of homogenates prepared from a number of cultures of the S strain. 
The wide range observed may be due, in part, to variable losses of activity 
before assay (see Paper III) and the use of different lots of proteose-peptone 
for growing the cells. The latter factor is being investigated further. 
Preparations of the W strain also exhibit DPNH oxidase activity. 
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Manometrie Demonatration of Ovidane ‘Vhe oxidation of 
strate amounts of DP NT by Velrahymena homogenates has alao been dem 
onstrated with standard Warburg manometry, When 3.5 to 4.5 pmoles of 
enzymatically prepared DPN EL are tipped from the side arms after a 7 min- 
ute equilibration period, active preparations consume about 75 per cent of 
the calculated O» uptake for the DPN TH added within 15 to 20 minutes after 
the start of the reaction. During the next 90 minutes, the reaction proceeds 
slowly to completion. ‘This lag may be due to one or more of several fac- 
tors: (a) rapid and increasing denaturation of the oxidase with time at the 
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SECONDS ML. OF HOMOGENATE 


Fic. 2. DPNH cytochrome c reductase activity of 7’. pyriformis homogenate pre- 
pared from a3 day-old culture. A, reduction of cytochrome c by 0.01 (O), 0.025 (@), 
and 0.05 (A) ml. of homogenate as a function of time; B, activity as a function of 
homogenate volume. The components of the reaction mixtures were as described 
in Table I except that 0.23 umole of DPNH was added. The reference cuvette con- 
tained only water. The reaction was started by adding homogenate. 1 unit = 
change in optical density of 0.100 X 10°. 


temperature of the test (30°), (b) inhibition due to the formation of large 
amounts of oxidized DPN, and (c) substrate depletion. 

DPNH Cytochrome c Reductase—Cell-free homogenates of 7. pyriformis 
exhibit DPNH cytochrome c reductase activity; that is, added ferricyto- 
chrome c is rapidly reduced in the presence of DPNH. Since the prep- 
aations are unable to reoxidize ferrocytochrome c, the reaction may be 
followed virtually to completion without the addition of such reagents as 
cyanide and azide, commonly used in mammalian assays to inhibit cyto- 
chrome c oxidase. From Fig. 2, A, it is apparent that the rate of reduction 
of cytochrome c is a linear function of time at different concentrations of 
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homogenate, Under the conditions of assay, activity is proportional to ho- 
concentration (big. Although tot depicted bigs the 
reaction fate ia linear until a large part of the cytochrome is reduced. 
The DEN reduced by either enzymatic or means gives easentially 
the same results, while the addition of LO to tig. of to the 
reaction mixture has no effeet during the boef period of measurement, Re. 
ductase activity is completely destroyed by heating the homogenate in a 
boiling water bath for 5 minutes. Specific activities of DPNIL of eyto- 
chrome ¢ reductase homogenates, S strain, are summarized in ‘Table J, 
The enzyme has also been observed in preparations of the W strain. 

Diaphorase Activity—Homogenates obtained from 3 to 9 day-old cultures 
of 7. pyriformis show diaphorase activity as measured by the reduction of 
2 ,6-dichlorophenol-indophenol in the presence of 10-? m KCN. The reac- 
tion, which was followed at 600 my, was carried out in 0.03 m phosphate 
buffer at pH 7.4 with enzymatically reduced DPNH as substrate. Under 
conditions by which the rate of dye reduction is proportional to the concen- 
tration of homogenate, the reaction rate decreases with time. No attempt 
was made to ascertain the conditions for optimal diaphorase activity; how- 
ever, with several preparations at least 0.36 umole of dye was reduced per 
minute per mg. of N (extinction coefficient of the dye taken as 1.91 X 10’ 
sq. cm. per mole (25)). 

Relationship between DPNH Oxidase and DPNH Cytochrome c Reductase 
Activities—Evidence from several lines of investigation indicates that, in 
Tetrahymena, mammalian cytochrome c may not be the natural electron 
acceptor for DPNH oxidation but may function in a manner similar to the 
dyes, methylene blue and dichlorophenol-indophenol. Hence, ‘‘reductase 
activity”? as measured here is not linked to Oz as in the case of the mam- 
malian enzyme system. ‘The evidence for this may be summarized as fol- 
lows. 

Stoichiometry—Equation 1 represents the theoretical reaction between 
DPNH and ferricytochrome c as catalyzed by DPNH cytochrome c reduc- 
tase. 


(1) DPNH + 2 cytochrome c Fe*+*+ —- DPN* + 2 cytochrome c Fe**+ + Ht 


Thus, 2.0 moles of cytochrome c are reduced per mole of DPNH oxidized. 
The data presented in Experiments 1 to 8, Table II, show that in fresh prep- 
arations the rate of DPNH oxidation by O2 without added cytochrome c 
is greater than the rate of cytochrome c¢ reduction by DPNTI studied at 
about the same time but in separate cuvettes. If this result is interpreted 
to mean that the bulk of electron transport from DPNH to Oz proceeds by 
a pathway which does not involve added ferricytochrome c, it should be pos- 
sible to show that, under conditions whereby the DPNH oxidase system is 
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largely blocked and added cytochrome ¢ rather than molecular Og is the 
electron acceptor, the ratio of eylochrome ¢ reduced to DPN EL oxi 
dived approaches the theoretical value Sines eyanide inbibite 
DPN oxtdase Dy about 90 per cent and has no effeet on eyto. 
chrome reduetase activity, the rate of DP NED disappearance in the pres. 


Tannin 
Storchiometrie Relationship between DPNH Oxidized and Cytochrome Reduced 


In Experiments to &, oxidation was measured speetrophotometrically as 
deseribed in the beginning of Table TL, with 0.23 to O31 pmole of DPNHL. Usually, 
the reaction rate was followed for several minutes at 340 my, and then an equal vol- 
ume of homogenate was added to another cuvette to measure cytochrome ¢ reduction 
at 550 mu by using the reductase assay reported in Table I. The elapsed time be- 
tween each pair of measurements, generally carried out in duplicate or at two levels 
of homogenate, was such that effects due to loss of enzyme activity were negligible. 
For each experiment, a different culture of 7’. pyriformis was used (age range, 2 to 
6 days), and the homogenates were employed immediately after preparation. In 
Experiments 9 and 10, the usual reaction mixture for the study of DPNH oxidation 
was supplemented with either 3 uwmoles of cyanide or 3 umoles of cyanide plus 0.03 
to 0.07 zmole of cytochrome c; cytochrome c (0.03 to 0.07 umole) reduction was also 
measured in the presence of cyanide. The value for micromoles of DPNH oxidized 
was obtained by subtracting the rate in the presence of cyanide from that in the pres- 
ence of cyanide plus cytochrome c. 


j 


Experiment No. | DPNH oxidized Cytochrome ¢ reduced cotnibaene thee 
DPNH oxidized 
pmoles XK 102 umoles X 102 
1 8.07 2.94 0.36 
2 3.02 1.68 0.56 
3 2.40 2.00 0.83 
4 | 4.97 2.03 0.41 
5 | 5.92 2.11 | 0.36 
6 4.83 1.44 | 0.30 
7 2.00 | 0.90 | 0.45 
8 2.48 1.19 | 0.48 
9 | 0.82 | 1.53 | 0.87 
10 | 0.78 1.44 | 1.85 


ence of cyanide and cytochrome c minus the rate of DPNH disappearance 
with cyanide alone should correspond stoichiometrically to the rate of cy- 
tochrome c reduction. This is borne out by the results of Table II, Experi- 
ments 9 and 10. It should be noted that, since the activity of 
DPNH oxidase is lost more rapidly than that of the reductase when homog- 
enates are allowed to stand at 2° (see Paper III), the ratio of cytochrome c 
reduced to DPNH oxidized will approach 2.00 even in cyanide-free tests as 
the homogenates age. 
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Absence of Cytochrome ¢ Oxidase Activity—The inability of T'elrahymena 
preparations to catalyze the oxidation of mammalian ferrocytochrome ¢ 
aerobically (19) supports the contention that the latter cannot be a compo- 
nent of the DPN oxidase system studied here, 

ffects of Antimyein and SN 5949- Both antimycin A and 2-hydroxy-3. 
Zamethyloety)-1,4d-naphthoquinone (SN 5949) are powerful inhibitors of 
the succioxidase system (26-28), and antimyem imbibite, to 
varying degrees, several DPN linked dehydrogenases (29) and crude DPNH 
cytochrome ¢ reductase (27, 15) of some mammalian tissues, [tis generally 
agreed that the site of action of these agents, as well as BAL (2) and a-to- 
copheryl phosphate (30), is on a factor involved in the reduction of eyto- 
chrome c. However, the lack of effeet of antimycin on a soluble DPNH 
cytochrome c reductase (15) appears to be inconsistent with these findings, 
Since succinoxidase activity of Tetrahymena homogenate is inhibited by 
antimycin (19), but at levels much greater than those which have been re- 
ported for the mammalian system, it seemed of interest to study the effect 
of antimycin, as well as SN 5949, on the DPNH-oxidizing activities of the 
protozoan. 

The data obtained with these two compounds are summarized in Table 
III. DPNH oxidase is inhibited by antimycin and SN 5949,? while DPNH 
cytochrome c reductase activity and diaphorase are unaffected by these 
agents.*: > Apparently, a factor (or factors) in the DPNH oxidase system 
is blocked by both antimycin and the naphthoquinone, but the insensitivity 
of the reductase to antimycin differentiates this enzyme activity from the 
reductases of the pigeon and rat (15, 27, 29). Thus, while the DPNH oxi- 
dase system of the ciliate is qualitatively sensitive to the same compounds 
which prevent over-all succinoxidase activity of mammalian tissues, the 
blocked component cannot be structurally identical with the so called 
‘Slater factor,”’ which, by definition, is linked to mammalian cytochrome 
c (2). The failure of SN 5949 to inhibit diaphorase activity corresponds to 
the insensitivity of beef heart diaphorase to BAL (2). 

Several other features of the data in Table III are noteworthy: (a) It can 
be seen that the oxidase inhibition by antimycin appears to level off at about 


3 In other experiments not tabulated here, DPNH oxidase was also inhibited 90 
to 100 per cent by BAL after a 5 minute preincubation with 0.05 mg. of ciliate N at 
pH 8.2. 

4 In preparations from the photosynthetic organism, R. rubrum, it has been noted 
that large quantities of antimycin are required to produce a small inhibition of 
DPNH cytochrome c reductase (31). 

5 Relatively large amounts of SN 5949 do inhibit the endogenous reduction of cyto- 
chrome c by Tetrahymena homogenate. On the other hand, it has been noted that 
antimycin has no effect on the endogenous cytochrome c reductase of yeast prepara- 
tions (32). 
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70 per cent, even when the inhibitor concentration is greatly increased, 
while almost complete inhibition is achieved with SN 5949. The failure of 
antimycin to block DPNH oxidase activity completely is similar to the re- 


Il 


Kffect of Antimycin A and SN 6049 on Activities of DINU Oxidase, 
('ylochrome ¢ Reductase, and Diaphorase in Homogenates of pyriformia 
oxidase and eytochrome ¢ reductase were carried out dencribed 

in the beginning of Table T. Por the diaphorase procedure, see the text, Anti 
myein A or SN 5949 was added to the reaction mixture before the addition of homog.- 
enate, and the reaction started immediately without preincubation. At each level 
of antimyein (in aleohol), a control with an equal volume of aleohol was run. In 
those instances in which two or more enzymes were assayed in a single experiment, 
the same homogenate was used, but at varying levels in some cases. Each experi- 
ment was carried out with a different homogenate. 


DPNH oxidase Diaphorase 
Experi- | Amount 
ment No.| added 
Homogenate! Inhibition |Homogenate! Inhibition tah ibition 
v mg. per cent meg. per cent mg. per cent 
Antimy- 1 2.0 0.090 | 26.0 
cin A 5.0 0.090 51.3 0.045 0 
20.0 0.090 68.3 0.045 0 
2 1.0 0.063 25.0 
5.0 0.063 54.0 0.025 0 
20.0 0.025 0 
50.0 0.025 0 
3 1.0 0.093 26.7 
5.0 0.093 56.0 
7.5 0.093 65.0 
15.0 0.093 68.0 
30.0 0.093 70.1 
SN 5949 4 0.3 0.070 88.4 
3.0 0.070 93.2 
30.0 0.070 91.5 0.035 0 0.035 0 
5 3.0 0.051 94.6 0.051 0 
30.0 0.051 93.2 0.051 0 
60.0 0.036 11 
6 3.0 0.039 95.0 0.039 0 
90.0 0.020 10 


ductase findings in crude rat heart homogenates (27) and other rat (29) and 
pigeon tissues (15). In addition, the incomplete sensitivity of Tetrahymena 


DPNH oxidase to antimycin and its almost complete block by SN 5949 is 
reminiscent, in part, of the report (33) that DPNH oxidase activity of rat 
liver mitochondria is unaffected by antimycin but almost completely in- 
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hibited by BAL, while the malic oxidase system is maximally inhibited 65 
per cent by the former and almost completely by the latter. (b) The rela- 
tive effectiveness of the two inhibitors in blocking DPNH oxidase of 7’. pyri- 
formis and succinoxidase of various rat tissues is of particular interest. It 
can be calculated from the data of ‘Table III that about 63 y of antimycin 
are required to inhibit half the DPNH oxidase activity in 1 mg. of T'etra- 
hymena N. In parallel experiments not tabulated, only 0.5 y was needed to 
inhibit 50 per cent of the choline dehydrogenase activity in tome, of rat 
liver homogenate N, ‘This concentration of antimyein is about 7-fold 
greater than that reported for half inhibition of the succinoxidase® con. 
tamed in the aame amount of liver N and 2.5 times more than the value for 
heart succinoxidase (27) and DPN-linked mahe dehydrogenase (29), It 
ia apparent, then, that Vefrahymena DPNIEL oxidase ia at least 125 times 
less sensitive to antimycin than rat liver choline dehydrogenase and succin- 
oxidase, Quantitatively, SN 5949 is as effective an inhibitor of the ciliate 
DPNH oxidase system as of the mammalian succinoxidase complex. 88 
per cent inhibition of the DPNH oxidase was achieved with about 4 y per 
mg. of N, while about 1.7 and 1.1 y per mg. of N were required to produce 
50 per cent inhibition of rat heart and liver succinoxidase, respectively (35). 
Thus, for T'etrahymena, SN 5949 is 30 times more effective than antimycin 
in blocking electron transport from DPNH to oxygen’ while, for rat tissues, 
antimycin is 7 to 50 times more potent than SN 5949 in preventing O» up- 
take with succinate (35). 

Presence of DPNH-Oxidizing Enzymes in T. pyriformis GL—By direct 
spectroscopic examination of a reduced suspension of cells of the GL strain, 
Ryley (36) observed the presence of a narrow, weak cytochrome c band at 
550 my and an exceedingly weak band at 605 my, which he stated was prob- 
ably due to cytochrome a. He also found that homogenates prepared with 
a Mickle disintegrator displayed no cytochrome c oxidase activity towards 
p-phenylenediamine. Homogenates of 4 day-old GL cells (a parent culture 
was generously provided by Dr. J. F. Ryley) were prepared with a Logeman 
mill, and assays were performed as described previously for DPNH oxidase 
and DPNH cytochrome c reductase. Both oxidase and reductase activi- 
ties are exhibited by such preparations (see Table I), although the DPNH 


¢ In experiments performed 10 months earlier, the rat liver choline dehydrogenase 
system (measured spectrophotometrically by reduction of cytochrome c (34)) was 
equally as sensitive to fresh preparations of antimycin as the succinoxidase system. 
The 7-fold difference found here might be due to the loss of some inhibitory activity 
of the 10 month-old stock solution of antimycin used. However, Tetrahymena DPNH 
oxidase activity responded similarly to this preparation as well as to a fresh solution 
of the compound. 

7 A similar relationship, to be discussed in another paper, has been observed with 
the succinoxidase system of 7’. pyriformis. 
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oxidase specific activity is less than that of the S strain, averaging 0.118 
umole per minute per mg. of N at pH 7.4. ‘The oxidase is inhibited by both 
antimycin and SN 5949. Cytochrome c oxidase activity is absent in these 
homogenates. 

Distribution of DPNH Oxidase and DPNH Cytochrome c Reductase Activ- 
ity in Tetrahymena Fractions—The results of a typical experiment are pre- 
sented in ‘Table IV. Centrifugation of the protozoan homogenates at 
19,000 * g for 20 minutes sediments about 40 to 45 per cent of their total N 
content, ‘Phe DPNEL oxidase specific activity of thin fraction in 6 to 12 
lines greater than that of the supernatant fluid, ‘The specific activity of 


Tannin LV 
Diatribution of N and DIP NU Oxidase and DINU Cytochrome 
Reductase Activities in T. puriformia Fractiona 

DPNH oxidase and eytochrome ¢ reductase assays were carried out as deseribed 
in the beginning of Table I, Homogenate (13 ml.) prepared from 3 or 4 day-old cells 
was centrifuged for 20 minutes at 19,000 & g, the supernatant fluid removed, and the 
sediment resuspended in cold water with the aid of an all-glass homogenizer and 
made up to 10.0 ml. Centrifugation was carried out in the Spinco ultracentrifuge 
with No. 30 or 40 rotor; centrifugal force was calculated for the bottom of the tubes. 


Ratio of specific activities, 
Specific activity* sediment 
Fraction N content supernatant 
Oxidase Reductase Oxidase Reductase 
mg. per cent 
Homogenate........ 12.58 100.0 0.243 0.207 
Sediment........... 5.84 46.4 0.347 0.305 6.0 3.5 
Supernatant........ 6.47 51.4 0.058 0.088 


* For DPNH oxidase, micromoles of DPNH oxidized per minute per mg. of N. 
For DPNH cytochrome c reductase, micromoles of cytochrome c reduced per minute 
per mg. of N. 


the sedimented DPNH cytochrome c reductase is only 2 to 3 times as high 
as that of the supernatant material. Recovery studies of the total DPNH 
oxidase activity associated with each fraction have been hampered by the 
extreme lability of the system, even in the cold. However, it is estimated 
that at least 80 per cent of the oxidase activity is present in the sediment; 
the supernatant activity can probably be ascribed to incomplete removal of 
the particles sedimenting at 19,000 * g. On the other hand, since the 
ratio of the sediment to the supernatant reductase specific activity is con- 
sistently lower than the same ratio of oxidase specific activity, it is likely 
that some reductase is associated with particles which are smaller, or less 
dense, than those which sediment at 19,000 X g. This is borne out by the 
results of the following experiment. The supernatant fluid was centri- 
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fuged for 1 hour at 111,000 X g to yield a yellowish gelatinous pellet and a 
clear supernatant fluid. Although the reductase specific activity of the 
pellet is 4 to 6 times greater than that of the supernatant fraction, some re- 
ductase activity is always associated with the latter material. In no in- 
stance has any oxidase activity been found in the clear supernatant fluid. 
This result is somewhat reminiscent of observations on the intracellular 
localization of DPNH cytochrome c reductase in rat liver (37) and spleen? 
homogenates; that is, the soluble fraction obtained by high speed centrifu- 
gation of these preparations is always contaminated by sufficient micro- 
somes to give a small but readily measurable amount of reductase activity, 

After homogenates are centrifuged at 19,000 * g for 20 minutes, ratios 
of 3.7 and 5.6 are obtained for reductase and diaphorase specific activities 
of sediment to supernatant fluid, 


DISCUBBION 


On the basis of this study, it can be concluded that the components of the 
DPNH oxidase system of T'etrahymena differ from those of the mammalian 
system, for apparently cytochrome c does not function as a physiological 
electron carrier in Tetrahymena; nor is cytochrome c oxidase the terminal 
oxidase. The ability of cytochrome c to act as an electron acceptor with 
DPNH or succinate (19) as substrate is not at variance with this statement, 
for the cytochrome may participate in a similar, but not identical, manner 
to dichlorophenol-indophenol. Indeed, several examples have been cited 
in the literature of cytochrome c-reducing systems in organisms which do not 
have cytochrome c. Dolin (4) showed that preparations of S. faecalis, an 
organism which contains no demonstrable cytochrome components, exhibit 
DPNH cytochrome c reductase activity as well as DPNH oxidase; Feld- 
man (38) reported the presence of DPNH cytochrome c reductase and 
DPNH oxidase in cell-free extracts of Proteus vulgaris, an organism lacking 
cytochrome c and cytochrome c oxidase, and Brodie (18) described a DPNH 


cytochrome c reductase in E. coli, which is devoid of cytochrome c. Itis 


likely that the oxidation of DPNH and succinate in cell-free homogenates 
of Tetrahymena proceeds via a pathway which is in part common to each 
and includes the terminal oxidase of the organism, since both activities are 
affected similarly by cyanide, azide, antimycin, SN 5949, BAL, and crystal- 
line lecithinase A (see Paper III). The view is favored here that the failure 
to demonstrate the equivalent of cytochrome c oxidase activity in Tetra- 
hymena is due to our lack of knowledge regarding the natural substrate of 
the terminal oxidase in the ciliate. Until such a compound is isolated in a 


8 In an effort to demonstrate a terminal oxidase in Tetrahymena, purified cyto- 
chrome 552 from A. vinelandii and cytochrome c from R. rubrum were reduced with 
hydrosulfite and incubated with ciliate homogenate in phosphate buffer at pH 7.4. 
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high state of purity and is available in substrate amounts, the assay in vitro 
for the terminal oxidase of Tetrahymena is precluded, except as part of a 
multienzyme reaction initiated by the oxidation of succinate, DPNH, gluta- 
mate, malate, or other substrates. 

By direct spectroscopic examination of a reduced suspension of 7’. pyri- 
formis GL, Ryley (36) reported a strong band at 551 to 553 mu, considered 
to be cytochrome e. Earlier, Baker and Baumberger (39) had attributed a 
band at 552 my in organisms of the 'T strain to cytochrome c. We have ob- 
served, in preliminary experiments aimed at the elucidation of the compo- 
nents of the electron transport chain and their sequential arrangement, a 
dense band absorbing in the region of 553 to 555 my in washed and packed 
cella of the S strain reduced with sodium hydrosulfite, Recently, Mgller 
and Preseott (40) also deseribed, in suspenmons of the GL strain, an intense 
absorption line at 553 and another at 605 my, and faint banda at 564, 528, 
and S20 my. Even at — 10°, these bands weakened with time; addition of 
hydrosulfite recalled all but the 605 my band. They tentatively consider 
the latter to represent the terminal oxidase (cytochrome e oxidase?) of the 
DPNH. oxidase system described here and in an earlier report (1). 

In view of the position taken here that cytochrome c does not participate 
in eyelic oxidation-reduction reactions in 7’. pyriformis and that cytochrome 
c oxidase activity is absent in the organism, some comments regarding pub- 
lished reports on the succinoxidase system of the ciliate are appropriate. 
Seaman (41) indicated that cytochrome c was required for optimal O2 con- 
sumption by T'etrahymena homogenate in the presence of succinate. Sub- 
sequently, according to data from this laboratory, cytochrome c had no 
effect on this system (19), and, more recently, Seaman has concurred in this 
finding (42). However, he also reported that cytochrome c activates suc- 
cinate oxidation by supernatant fluid obtained from homogenates centri- 
fuged at 1000 X g for 20 minutes. We have been unable to confirm this 
with the same type of preparation. Certain preparations of Tetrahymena 
have also been described as exhibiting “‘high’’ cytochrome c oxidase activ- 
ity (43). We have not detected any activity in similar extracts made with 
the same quartz sample. Since a value of 10.3 was reported by Seaman 
(43) for the cytochrome c oxidase activity of Tetrahymena by using the 
units of Cooper: 2in and Lazarow (A log ferrocytochrome c per minute per 
mg. of protein (44)), and since this figure is in the range of the activity of 
rat lung (44) and in excess of that of rat spleen,? both readily measurable 
rates, the discrepancy is puzzling. 

From the stand-point of comparative biochemistry, it may be of interest 
to compare the specific activities of the DPNH oxidase and cytochrome c 
reductase systems of Tetrahymena with those of some other sources selected 
at random, since the literature contains few references to such enzymes in 


Although these experiments were complicated by the settling out of particles in the 
homogenate, neither cytochrome appeared to be oxidized. 
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Protozoa. According to Hogeboom (37), the DPNH cytochrome c reduc- 
tase system of rat liver homogenates reduces 2.9 wmoles of cytochrome ¢ 
per minute per mg. of N at 25°; hence, 1.45 umoles of DPNH are oxidized 
simultaneously. ‘The DPNH oxidase system of thoracic homogenates of the 
house fly oxidizes 0.39 n»mole of DPNH per minute per mg. of N at 25° (10). 
The average figure of 0.55 umole of DPNH oxidized per minute per mg. of 
N by TZ. pyriformis 8 compares favorably with both of these tissues, 
DPNH cytochrome c reductase activity of the ciliate, which, unlike that of 
rat liver, is not directly related to the rate of DPNH oxidation, is only one- 
tenth that of rat liver but equivalent to that of rat spleen.2,_ Pappenheimer 
and Williams (11) have reported DPNH cytochrome c reductase values for 
flight muscle and mid-gut tissues of silkworm larvae which are 2 and 6 times 
greater, respectively, than that of 7'etrahymena. 

In connection with the application of observations on the enzymology of 
Tetrahymena, a free living ciliate, to parasitic Protozoa, it may be worth 
noting the following similarities between T'elrahymena and T'rypanosoma 
cruzi. Baernstein (45) has reported that homogenates of 7’. cruzi exhibit 
DPNH cytochrome c reductase activity but not cytochrome c oxidase, while 
cytochrome ¢ was not detected by spectroscopic examination of thick sus- 
pensions of the organism. In addition, the respiration of 7’. cruzi was 
shown to be sensitive to cyanide and azide. 


SUMMARY 


1. Homogenates of Tetrahymena pyriformis 8S, W, and GL were assayed 
for the presence of several enzymes involved in the oxidation of DPNH by 
various organisms. 

2. These homogenates possess a potent DPNH oxidase system and ex- 
hibit DPNH cytochrome c reductase and diaphorase activity. 

3. In fresh preparations, the rate of DPNH oxidation by oxygen exceeds 
the rate of cytochrome c reduction by DPNH. This observation, and the 
fact that cytochrome c oxidase activity is absent, indicates that cytochrome 
c is not a component of the DPNH oxidase system. 

4. As much as 70 per cent inhibition of DPNH oxidase activity has been 
obtained with high levels of antimycin A. Low levels of the naphthoqui- 
none compound, SN 5949, inhibit this system by 90 per cent. For equiva- 
lent weights of inhibitor per mg. of Tetrahymena N, SN 5949 is 30 times 
more effective than antimycin in blocking electron transport from DPNH 
to oxygen. 

5. The results are discussed with respect to the nature of the réle of cy- 
tochrome c as an electron acceptor in these preparations and to reports in 
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the literature of the presence of various absorption bands and enzyme activ- 
ities in Tetrahymena. 
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RESPIRATORY ENZYME STUDIES IN 
TETRAHYMENA PYRIFORMIS* 


III. SOME PROPERTIES OF REDUCED DIPHOSPHOPYRIDINE 
NUCLEOTIDE OXIDASE OF CELL-FREE HOMOGENATES 


By HERBERT J. EICHEL 


(From the William Goldman Isotope Laboratory, Division of Biological Chemistry, 
Hahnemann Medical College, Philadelphia, Pennsylvania) 


(Received for publication, December 30, 1955) 


The preceding communication described a DPNH! oxidase system in 
cell-free homogenates of the protozoan, T'etrahymena pyriformis (2). It was 
pointed out that the components of the electron transport chain involved in 
DPNH oxidation differ from those of the mammalian DPNH oxidase sys- 
tem. ‘This paper reports some properties of the DPNH oxidase of T'etra- 
hymena as a preliminary step in the characterization of the enzyme system, 


Materials and Methods 


‘The procedures for the maintenance of cultures (3), preparation of homog- 
enates (4), and spectrophotometrie enzyme assays (2) have been deseribed, 
and the sources of most materials used in this investigation have been given 
(2). The inhibitors were commercial products and were used without, 
further treatment. Crystalline lecithinase A was a gift of Dr. IH. Fraenkel- 
Conrat. ‘The experimental conditions employed are described in the text 
or in ‘Tables I to IV and Figs. 1 and 2. All data were obtained with 
preparations of the 8 strain. 


RESULTS AND DISCUSSION 


Effect of Lecithinase A on DPNH Oxidase Activity—Nygaard has demon- 
strated that a lecithinase A-sensitive factor,’ perhaps a phospholipide, is in- 
volved in the DPNH oxidase and DPNH cytochrome c reductase systems 
of preparations from rat liver and pig heart (6). Edwards and Ball (7) have 
suggested that the phospholipase inhibition of a purified succinoxidase prep- 
aration from beef heart points to the importance of intact phospholipide in 


* This investigation was supported in part by a research grant from the National 
Institutes of Health, Public Health Service. A preliminary report of this work has 
appeared (1). 

1 The following abbreviations will be used: DPNH = reduced diphosphopyridine 
nucleotide, Tris = tris(hydroxymethyl)aminomethane buffer. 

? It should be noted that, according to Yang et al. (5), cobra venom that was heated 
to destroy nearly all of its phospholipase activity still retained its initial inhibitory 
activity against succinicoxidase. 
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maintaining the enzymatic activity of the particles. To determine the | 


response of the protozoan DPNH oxidase to lecithinase A, Tetrahymena ( 
homogenate containing 0.05 mg. of N was incubated (pH 8.2) in cuvettes at 
room temperature for either 10 or 15 minutes in the presence of 4 y of crys- 
talline lecithinase A (crotoxin) prepared from the venom of Crotalus ter- 
rificus terrificus. After the addition of DPNH, readings were taken at 1.5 
minute intervals for 4.5 minutes. DPNH oxidase activity is inhibited 50 


TABLE I | 


Effect of Chelating Agents on DPNH Oxidase Activity of 
T. pyriformis Homogenates 

All inhibitors were adjusted to pH 8.0 to 8.2 and were 3.0 X 107° M initially. The 
following experimental conditions were employed: homogenate, containing 0.04 to 
0.08 mg. of N, was incubated in a cuvette at room temperature with either 1.0 ml. of 
inhibitor or water (control) and 0.6 ml. of 0.1 m Kz,HPO,y-KH.PO, buffer, pH 8.2. 
After 2 minutes of gentle stirring, more water was added, and, after 5 minutes, all 
reactions were started with the addition of 0.17 umole of DPNH in 0.4 ml. of phos- 
phate buffer, pH 8.2. Readings were taken at 1.5 minute intervals for 4.5 minutes, 
Because of the rapid decrease of DPNH oxidase activity with time in fresh untreated 
homogenate (Fig. 2), a control was run simultaneously with each inhibitor studied, 


Inhibitor® Per cent inhibition 
8-Hydroxyquinoline. . . 
37 
Diethyidithioc arbamate (Na). 82 
06 
75 
Versene.. 
Pyrophosphate. 0 
Citrate . | 0 


* Final concentration, 1.0 10-3 


per cent under these conditions, suggesting that a phospholipide is associ- 
ated with the particle-bound protozoan enzyme system. In experiments 
to be described elsewhere, the succinoxidase system was completely inacti- 
vated under somewhat different conditions. Nygaard (6) has reported 70 
per cent inhibition of rat liver DPNH oxidase after incubating 200 y of 
lecithinase A per 3.5 mg. of liver N for 15 minutes at 37°. 

Effect of Chelating Agents on DPNH Oxidase Activity—Since it was found 
in earlier work that the succinoxidase system of 7’. pyriformis was both 
cyanide- and azide-sensitive, it was of interest to study the effect of various 
metal complex-forming agents on DPNH oxidase activity. As shown in 
Table I, a number of these compounds inhibit the oxidase. At equimolar 
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concentrations, a, e’-dipyridyl and cyanide are the most potent inhibitors; 
dicthyldithiocarbamate, hydroxylamine, and salicylaldoxime comprise the 
next most effective group; azide, 8-hydroxy quinoline, and o-phenanthroline 
are less inhibitory; and Versene, pyrophosphate, and citrate are without 
effect. 

Effect of pH and Ions on DPNH Oxidase Activity—In 0.033 M KsHPOs- 
KH.PO, buffer, with or without 0.033 m Tris, DPNH oxidase activity is 
optimal from pH 8.0 to 8.5 and decreases 50 per cent at pH 7.0 and 9.0 
(Fig. 1, A). At pH 8.5, activity is maximal at a phosphate concentration 
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pH MOLARITY PHOSPHATE 


hia. 1, beffeet of pH and phosphate concentration on DP NIL oxidase activity of 
1. pyrifornis homogenates. DPNIL oxidase assays were carried out essentially as 
described in Table 1, A, DPNIL added in either Tris or KyIHPO,-KIL,PO, buffer; 
final concentration of each buffer in cuvette was 3.3 * 102M; B, DPN added in 
Tris; K,HPO,KH2PO, buffer added in the final concentration indicated; each cu- 
vette contained 3.8 10°? mM Tris. 


of 0.025 to 0.033 m (Fig. 1, 3). In Tris alone (0.033 mM), the activity curve 
exhibits a broad plateau between pH 7.3 and 8.7, and the reaction rate is 
only one-third to one-half that found in Tris plus phosphate under optimal 
conditions (Fig. 1, A). A number of compounds such as KCI, NaCl, KoSOs,, 
or NagHAsO, will replace phosphate in Tris-buffered systems, and the de- 
gree of activation is similarly pH-dependent. High concentrations of KCl 
or NaCl (0.167 m) are inhibitory. In connection with these observations it 
is of interest that mitochondrial preparations have been reported to oxidize 
DPNH at a faster rate in Tris than in phosphate buffer (8). Feldman (9) 
has observed that the DPNH oxidase activity of Proteus vulgaris is simi- 
lar in these buffers; the system has an optimum at pH 7.5. In addition, 
phosphate has been shown to inhibit the soluble DPNH cytochrome c re- 
ductase of pig heart (10). 
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Inhibition of DPNH Oxidase Activity by —SH Reagents—In all of these 
experiments, the —SH reagents were added to the enzyme 5 minutes before 
the addition of DPNH to start the reaction. From the data in Table II, 
it can be seen that DPNH oxidase is strongly inhibited by low concentra- 
tions of p-chloromercuribenzoate. Phenylarsine oxide and o0-iodosoben- 
zoate are effective inhibitors at 1.0 X 10-* m, while high concentrations of 
the alkylating agents, iodoacetate and iodoacetamide, are required to block 
the enzyme system. DPNH oxidase activity is protected completely 


TABLE II 
Inhibition of DPNH Oridase Activity of T. pyriformis 
Homogenates by —SH Reagents 
The experimental conditions employed were the same as those described in Table 
I, except in the p-chloromercuribenzoate (p-CMB) series in which the pH of the re- 
action mixtures was 7.3. A control was run simultaneously with each inhibitor 
studied. 


Inhibitor Concentration Inhibition 

M per cent 
p-CMB 3.9 & 1074 100 
3.0 X 10-5 90 
3.0 X 10-6 82 
3.0 1077 0 
o-lodosobenzoate 1.0 X 10°? 96 
1.0 X 82 
1.0 X 10°4 55 
Phenylarsine oxide 1.0 X 10-3 90 
lodoacetamide 1.0 XK 10°? 56 
" 1.0 10° 
lodoacetate 1.0 X 10°? 58 
1.0 xX 104 0) 


against inhibition by p-chloromercuribenzoate if glutathione is added to the 
enzyme before, or together with, the —-SH reagent (‘Table IIT). In other 
experiments not tabulated, complete protection was obtained at a gluta- 
thione to inhibitor ratio of only 3.0. However, if the inhibitor is in contact 
with the enzyme for as little as 1 minute prior to adding glutathione, only 
partial protection is achieved. Glutathione fails completely to reverse the 
inhibition if it is added 4 minutes after the enzyme has been in contact with 
the —SH reagent. Incubation of glutathione (3.0 X 10~‘ m) alone with 
homogenate for several minutes has no effect on DPNH oxidase activity. 
Previously, it had been reported (11) that succinate oxidation by these 
preparations is inhibited 84 per cent by 1.0 X 10-* m p-chloromercuriben- 
zoate. Glutathione, at a concentration 10 to 20 times that of the inhibitor, 
did not reverse the effect. 
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TABLE III 


Protection of DPNH Oxidase Activity of T. pyriformis Homogenate against 
Inhibition with p-Chloromercuribenzoate (p-CMB) 

The experimental conditions employed were essentially the same as those de- 
scribed in Table I, except in the last series, where DPNH, phosphate buffer, and p- 
CMB were added to a cuvette and the reaction started immediately by the addition 
of homogenate. After the reaction had proceeded for several minutes, glutathione 
was added. In all, 4 minutes elapsed between the contact of p-CMB and glutathione 
with the homogenate. The pH of all reaction mixtures was 8.2. 


Concentrations 
Experimental conditions Inhibition 
p-CMB Glutathione 
M M per cent 
3.0 X 10-5 100 
Glutathione before or with p-CMB...... 3.0 X 10-5 | 3.0 K 10-4 6 
1 min. after p-CMB......... 3.0 X 10-5 | 3.0 X 57 
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Fic. 2. Effect of storage of 7. pyriformis homogenates at 2° on the activities of 
DPNH oxidase and DPNH cytochrome ¢ reductase. DPNH oxidase and cytochrome 
c reductase assays were carried out as described (Table I in (2)). Both tests were 
performed immediately after the preparation of homogenates and at the subsequent 
intervals indicated in the graph. Curves 1 and 2, DPNH oxidase and DPNH cyto- 
chrome c reductase activities, respectively, of same preparation; Curves 3 and 4, 
oxidase and reductase activities, respectively, of another preparation. 


Stability of DPNH Oxidase and DPNH Cytochrome c Reductase Activity— 
The effect of aging a homogenate for a short period at 2° on the activities of 
DPNH oxidase and DPNH cytochrome c reductase is presented in Fig. 2. 
The oxidase activities (Curves 1 and 3) are typical of the results obtained 
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with eight different cultures varying in age from 2 to6 days. After 2 hours, 
40 to 70 per cent of the oxidase activity is lost but only 12 to 18 per cent of 
the reductase activity disappears (Curves 2 and 4). 

DPNH oxidase activity is also extremely unstable in homogenates which 
are heated briefly, then cooled, and assayed at 25°. After heating aliquots 
of homogenate for 5 minutes at 40°, 35°, and 30°, oxidase activity is lost to 
the extent of 100, 90, and 55 per cent, respectively. ‘The enzyme is inacti- 
vated by 75 per cent after heating for 10 minutes at 30°. 

Since it had been observed during the course of inhibitor studies that 
brief incubation of homogenate without phosphate buffer (pH 8.2), as com-. 
pared to homogenate incubated in the presence of the buffer, had a delete- 
rious effect on DPNH oxidase activity, the following experiment was car- 
ried out in an effort to stabilize the enzyme system. Cells from a 2 day- 
old S culture were washed twice in glass-distilled water. For the third 
wash, the cells were split equally into Groups A and B, Group A being 
suspended in water and B in 0.1 M KzHPO.-KH2POQ, buffer, pH 8.2. After 
removing the cells by centrifugation, Group A was resuspended in 10.0 ml. 
of water while B was resuspended in 10.0 ml. of 0.05 m phosphate, pH 8.2. 
After homogenizing Groups A and B, a 1.0 ml. aliquot was removed from 
Group A, diluted with 1.0 ml. of water, and another 1.0 ml. aliquot from B 
was diluted with 1.0 ml. of 0.1 M phosphate buffer, pH 8.2. Table IV 
shows that the DPNH oxidase activity of the homogenate prepared from 
the cells suspended in phosphate (pH 8.2) is maintained at a constant level 
for 24 hours, although the initial activity is less than half that of the water- 
suspended cells. Dilution of water homogenate with phosphate (Group D) 
has no effect on the initial level of activity (compare with Group C) and 
prevents the loss of activity somewhat, but not to the extent observed with 
Group B. With some preparations, stabilization of the DPNIHL oxidase 
system was achieved for only 4 to 6 hours, but, in each case, cells homogen- 
ized in 0.05 M phosphate buffer, pH 8.2, exhibited 30 to 50 per cent of the 
activity of cells homogenized in water. Stabilization of activity is not ob- 
served when homogenates are prepared from cells suspended in phosphate 
buffer at pH 6.8; the initial activity of such homogenates is less than half 
that of homogenates prepared in water. It is possible that the alkaline 
phosphate buffer provides both a more favorable pl] and osmotic envi- 
ronment than water for the particles which bind the DPNH. oxidase, and 
hence the activity is preserved for a longer time. On the other hand, the 
greater activity obtained by homogenizing cells in water suggests that 
more particle-bound enzyme molecules are exposed and made available 
to substrate. This view is supported by the fact that the addition of phos- 
phate to water-prepared homogenates has no effect on the initial level of 
activity. 

Incubation of homogenate (1.5 mg. of N) with 1 to 2 mg. of DPN and 
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375 to 750 y of DPNH failed to prevent the loss of DPNH oxidase activity at 
2°. In fact, complete inhibition was observed at the higher DPN concen- 
tration; at the lower DPN level, about 15 per cent inhibition was obtained. 

While the lack of effect of antimycin and SN 5949 on DPNH cytochrome 
c reductase and diaphorase (2) indicated a similarity between these enzyme 
activities, their stability on storage at 2° helps to differentiate them. Al- 
though both enzymes are unstable under these conditions, after 24 hours, 


TABLE IV 


Effect on DPNH Ozxidase Activity of Homogenizing T'. pyriformis Cells 
in Phosphate Buffer, pH 8.2, and of Diluting Water 
Homogenates with Phosphate Buffer, pH 8.2 


For the DPNH oxidase assays, the following components were added to each 
cuvette in the order given: homogenate, 0.6 ml. of 0.1 Mm K2HPO.-KH.PO,, pH 8.2, 
water to 3.0 ml., and 0.17 hmole of DPNH in 0.4 ml. of 0.1 m K2.HPO,-KH2PO,, pH 
8.2. Group A, homogenate prepared from cells washed three times in water and 
homogenized in water; Group B, homogenate prepared from cells washed two times 
in water, once in phosphate, and homogenized in 0.05 m phosphate, pH 8.2; Group 
C, 1:2 dilution in water of homogenate of Group A; Group D, 1:2 dilution in 0.05 m 
phosphate, pH 8.2, of homogenate, Group A. 0.05 ml. of homogenates of Groups 
A and B and 0.10 ml. of homogenates of Groups C and D were used. The figures 
represent the observed changes in optical density X 10° per 4 minutes. See the 
text for further details. 


Homogenate Homogenate 
Time assayed —— Time assayed oo 
Group A Group B Group C Group D 
hrs. hrs 
0 55 25 Q 49 51 
1 35 24 1.3 33 41 
2 28 29 2.3 25 36 
3 25 32 
5 20 32 5 19 30 
6.5 19 ae 7 15 21 
24 5 25 | 24 7 16 
AS 2.5 1h | AS 4 8 


twice as much reductase activity as diaphorase is lost. In one experiment 
with a 96 hour-old preparation, only 10 per cent of the original reductase 
activity was retained, while 56 per cent of the initial diaphorase activity was 
present. This result does not eliminate the possibility that the diaphorase 
is a component of the reductase system. 


SUMMARY 


1. Brief incubation of Tetrahymena pyriformis S homogenate with small 
amounts of crystalline lecithinase A inhibits DPNH oxidase activity, sug- 


144 RESPIRATORY ENZYME STUDIES. III 


gesting that a phospholipide is associated with the particle-bound enzyme 
system. 

2. A number of agents capable of binding heavy metals inhibit DPNH 
oxidase activity. At equimolar concentrations, a,a’-dipyridy] and cyanide 
are the most effective complex-forming agents, followed by hydroxylamine, 
salicylaldoxime, and diethyldithiocarbamate. 8-Hydroxyquinoline and 
o-phenanthroline are less inhibitory. 

3. In phosphate buffer, DPNH oxidase activity is optimal from about 
pH 8.0 to 8.5, but in Tris the activity curve exhibits a broad plateau between 
pH 7.3 and 8.7. At pH 8.2, reactions measured in Tris supplemented with 
phosphate are twice as rapid as those studied in Tris alone; a number of 
salts will replace phosphate in Tris-buffered systems, the degree of activa- 
tion being pH-dependent. 

4. The sensitivity of DPNH oxidase to various thiol reagents indicates 
that the system is sulfhydryl-dependent. Glutathione reversal of p-chloro- 
mercuribenzoate inhibition is complete if the glutathione is added to the 
enzyme before, or together with, the thiol reagent. 

5. DPNH oxidase activity of homogenates prepared from cells suspended 
in water declines rapidly even when the homogenates are stored at 
2°. DPNH cytochrome c reductase activity is lost at a considerably slower 
rate. Stabilization of DPNH oxidase activity for 24 hours has been 
achieved by homogenizing whole cells in phosphate buffer at pH 8.2. 
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PRODUCTION OF ACTIVE FORMALDEHYDE IN THE 
MITOCHONDRIAL OXIDATION OF SARCOSINE-CD;* 


By COSMO G. MACKENZIE anno ROBERT H. ABELEST 


(From the Department of Biochemistry, University of Colorado School 
of Medicine, Denver, Colorado) 


(Received for publication, January 3, 1956) 


Sarcosine is metabolized by liver mitochondria to form L-serine in yields 
of 50 per cent by the following consecutive reactions (1, 2). 


H 
H,C-N-CH,-COOH 


CH, 0 “Active I-C H,N-CH,-COOH 


CH,OH 
H,N-CH-COOH 


The number | carbon and the a-carbon of serine are derived exclusively 
from the corresponding carbons of sarcosine and the 6-carbon is derived 
from the oxidized methyl group of sarcosine. Any of the oxidized sarcosine 
methyl carbons that do not undergo this condensation reaction accumulate 
in our mitochondrial system as formaldehyde, However, when radio- 
formaldehyde is added to this system, it fails to enter into serine synthesis 
(1,2). In view of this failure of added formaldehyde to participate in 
serine synthesis, and because formic acid has been reported to be a pre 
Cursor of serine ina of other preparations 6), we have 
Hivestipated the oxidation level of the momty mveolved in the 
conversion of the methyl carbon of sareosine to the of serine. 
was done by synthesizing deuteromethylsarcosine measuring 
the numberof D atoms that accompany the methyl earbon in ite transforma- 


*'This work was supported by a grant from the National Institutes of Health, 
United States Publie Health Service, and constituted a part of the thesis submitted 
by Robert H. Abeles in fulfilment of the requirement for the degree of Doetor of 
Philosophy. 

t Predoctoral Fellow of the Arthritis and Rheumatism Foundation. Present ad- 
dress, Department of Chemistry, Harvard University, Cambridge, Massachusetts. 


145 


XUM 


146 ACTIVE FORMALDEHYDE 


tion to the B-carbon of serine. At the same time the D content of the con- 
comitantly formed formaldehyde was determined. 

It was recognized at the outset that a valid interpretation of the experi- 
mental results depended on the fulfilment of three conditions: First, that 
virtually all of the sarcosine molecules employed as substrate be completely 
deuterated in the methyl group to avoid the preferential enzymatic oxida- 
tion of the protium species and the attendant dilution of D in the products 
(7), second, that dilution of the metabolic formaldehyde and serine by 
endogenous sources be excluded, and third, that the serine and formalde- 
hyde be isolated without the use of carriers. Each of these prerequisites 
was realized. The sarcosine contained 97 atom per cent excess deuterium 
in the methyl group. Furthermore, a procedure was developed that per- 
mitted the direct isolation of small quantities of serine (and formaldehyde) 


TABLE I 
Atom Per Cent Excess Deuterium in Formaldehyde and —CH.— Portion of Methylol 
Group of Serine Isolated from Metabolism of Sarcosine-CD; by 
Liver Mitochondria 


Isolated 
Experiment No. | Incubated sarcosine methyl 
Formaldehyde Serine B-carbon 
1 97 + 1.9 90.5 + 1.4 83.7 + 3.0 
2 97 + 1.9 96.8 + 1.4 86.2 + 1.7 


from the mitochondrial incubation mixture. Finally, it was shown, by 
employing sarcosine labeled with C™, that in this procedure dilution of the 
serine B-carbon was less than 5 per cent. 

After these orientation experiments, 100 umoles of deuterosarcosine were 
incubated with the washed mitochondria prepared from liver and the serine 
and formaldehyde were isolated (Table 1). The high deuterium concen- 
tration in the isolated formaldehyde (in Experiment 2 it was identical with 
the starting sarcosine) shows that formate is not involved in the production 
of free formaldehyde to any significant extent, Moreover, it appears that 
the system employed the metabohe formaldehyde and its precursors 
are notin with the hydrogen or protons of the environ 
ment, 

Prom the deuterium content of the of the methylol group of 
(CPable Doitimay be calculated that at 70 per cent! of the serine 


''This is based on the assumption that allof the Howas due to Tf, on 
the other hand, same was present, then the percent of — CD. was propor: 
tionately higher. For example, the existence of 5 per cent of —CH,— would mean 
that 77 per cent of the @-carbon groups were of the —-CD,— type. The dilution of 
deuterium in the @-carbon raises the possibility that a portion of “formaldehyde- 
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molecules formed from sarcosine contained 2 deuterium atoms bonded to 
the B-carbon, and hence that in their migration from sarcosine to serine 
most, at least, of the methyl carbons possessed the oxidation level of form- 
aldehyde. We have called this —CH:— precursor of the serine B-carbon 
“active formaldehyde” (1, 2) to distinguish it from ordinary formaldehyde 
which is inert in our system. Whether the “active formaldehyde,” as 
defined by these experiments, condenses directly with glycine or is first 
converted to some other bound form, such as tetrahydrofolic acid-formalde- 
hyde (9, 10), is presently unknown. ‘The possible interposition of such an 
intermediate between active formaldehyde and serine is illustrated below, 
where active formaldehyde is represented by =CDz2 and a subsequently 
formed 1-carbon compound is represented by [—=CD,]. 


D;C—NH—CH.—COOH CD:— CD, | > H.N—CH—COOH 
| 
CD:0H 


CD:0 DCOO- 


Recently Elwyn, Weissbach, and Sprinson (8) have reported that the 
B-carbon of serine can be converted without loss of its bonded hydrogen 
atoms to the methyl groups of choline and thymine. Since, as shown in 
the present paper, the methyl] group of sarcosine is converted to the 6-carbon 
of serine by way of active formaldehyde, a pathway is provided for the con- 
version of one methyl] group to another by way of a 1-carbon intermediate 
(or intermediates) possessing the oxidation level of formaldehyde. Thus, 
the methyl carbon may migrate not only by a process of transmethylation 
(11) but also via a “‘transformalation” as illustrated. 


Sarcosine-CD, serine-CD,OH choline-CDoH 
D H 


EXPEMIMEN TAL 


Mneymatic Reaction pinoles of deuterosarcosime were added to a 
suspension Of mitochondria obtamed from of rat liver ‘The tite: 


ihe’ intermediate been reversibly dehydtogennted  Sueh a renetion would not 
invelve clvectly the entity whith can become either the eerine 
free formaldehyde, inaemuch ae the metabolite formaldehyde woe not appree bly 
Rather, would require the existence of a second and aubeequienthy formed 
carbon entity indicated in the series of reactions by the brackets. of the 
deuterium on the serine @-carbon with hydrogen or protons of the environment ap- 
pears to be unlikely in view of the experiments of blwyn, Weisshach, and Sprinson 
(8). However, there may have been some exchange of D for He during the periodate 
oxidation of the isolated serine. 
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chondria prepared according to the method of Schneider and Hogeboom 
(12) were washed three times in buffer and finally suspended in 13 ml. of 
0.075 m potassium phosphate at pH 7.8. The reaction mixture was shaken 
under air for 2 hours at 37°. At the end of this time the reaction flasks 
were immersed in a boiling water bath for 3 minutes in order to stop the 
reaction. A cold finger condenser was inserted into the flask during this 
time. The denatured protein was then removed by centrifugation and 
the supernatant fluid was employed for the isolation of the reaction prod- 
ucts. 

Isolation of Reaction Products—The above supernatant fluid was passed 
through a Dowex 50 H* column (1.7 X 10 cm., 20 to 50 mesh) and the 
column was rinsed with 30 ml. of distilled water. To the total effluent 25 
ml. of a saturated dimedon solution were added and the pH was adjusted 
until acid to methyl red. After 24 hours the formaldemethone was 
filtered and recrystallized from ethanol-water. The resulting product 
melted at 189°, uncorrected. Admixture with an authentic sample of 
formaldemethone did not depress the melting point. ‘The formaldemethone 
so obtained was used for deuterium analysis. | 

The Dowex 50 column was then eluted with 10 per cent NH,OH. The 
fraction containing the ninhydrin-positive material, which was free from 
formaldehyde, was concentrated to approximately 1 ml. and placed on a 
Dowex 1 OH~ column (1 X 10 cm., 20 to 50 mesh) to complete the desalting. 
After applying the concentrate to the column, the column was rinsed with 
30 ml. of water. The resulting effluent was discarded. Next the column 
was eluted with 10 per cent HCl. The ninhydrin-positive fraction was 
again concentrated to about 1 ml. This concentrate contained serine, 
glycine, residual sarcosine, and any endogenous amino acids. The serine 
was then separated from the other amino acids by ion exchange chromatog- 
raphy according to the procedure of Stein and Moore (13). 50 fractions 
of 2 ml. each were collected. ‘The serine was contained in Fractions 23 
to 26 inclusive, whereas glycine and sarcosine were contained in Fractions 
37 to 44, 

The combined fractions containing the serie were brought to dryness 
and dissolved in 2 mil. of distilled water, ‘Vo this solution 2% ral. of 0.075 
MAIO, were added and the pil was adjusted until the point was reached 
al which methyl orange pink, Next a few drops of per cent 
were pelded followed by tal of per cent WABOy The 
trom the serine wae then isalated ae described 

‘The deuterated sarcosine waa prepared necording bo the 
method of and Tergmann (14). The deuterated methyl 
employed in this synthesis was obtamed from TPracerlab, and eontamed 
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98.7 atom per cent excess deuterium.? The sarcosine hydrochloride melted 
at 171-172°, uncorrected. Admixture with an authentic sample did not 
lower the melting point. 


C;H;D;02NCl. Calculated. C 28.0, H 3.9, D 4.7, N 10.9 
Found. 28.5, 3.9, 4.5, 11.0 


Deuterium Analysis—For the analysis of deuterium,’ the deuterosarco- 
sine and the formaldemethone preparations were diluted with the respective 
normal compounds in a known ratio by weight. The combustion of the 
diluted samples and the conversion of the water of combustion to hydrogen 
were performed by the method of Graff and Rittenberg (15). The relative 
abundance of deuterium in the hydrogen gas was measured with a Consoli- 
dated-Nier isotope ratio mass spectrometer, used as a single beam instru- 
ment. The analysis of each compound was performed in triplicate. 


SUMMARY 


Sarcosine completely deuterated in the methyl group was incubated with 
liver mitochondria, and the serine and formaldehyde produced in its me- 
tabolism were isolated without carrier. 

The deuterium content of the serine 8-carbon group demonstrated that 
the primary active 1-carbon entity formed in the conversion of the methyl 
group of sarcosine to the 6-carbon of serine possesses the oxidation level 
of formaldehyde. This active l1-carbon entity is referred to as “active 
formaldehyde.” <A portion of the active formaldehyde was converted 
irreversibly to ordinary formaldehyde, which possessed the same atom 
per cent excess deuterium as the methyl group of the starting sarcosine. 

The implications of these experiments are discussed with respect to the 
biochemical conversion of one methyl group to another via a process of 
“transformalation.” 
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Attempts to apply the technique of Edman (1), for the stepwise degrada- 
tion of peptides with the formation of phenylthiohydantoins (PTH), to the 
study of the N-terminal amino acid sequence of pepsin have resulted in 
only qualified success. One of the principal drawbacks of this technique 
arises from the fact that the reactions entailed are usually not complete. 
Thus, residual amounts of terminal amino acid, which are, theoretically at 
least, supposed to have been removed during the first degradative step, 
still remain attached to some of the protein molecules and appear as the 
products of subsequent degradations of the protein. This also occurs with 
the succeeding amino acids in the sequence. In the situation in which the 
succeeding amino acid residues yield different phenylthiohydantoins, an 
extensive portion of the sequence might be elucidated by this method. 
However, when succeeding or closely neighboring amino acid residues are 
the same, the number and arrangement of the identical residues cannot 
always be determined from qualitative data alone. 

By means of the reactions for the formation of PTH and the reaction 
with dinitrofluorobenzene (DNFB), it was found that the first two amino 
acids at the N terminus of pepsin were leucine and glycine. These amino 
acids were followed by what appeared to be more than one asparty] residue. 
In order to determine the number of aspartyl residues and the nature of 
the subsequent amino acids, a quantitative study of the phenylthiohydan- 
toins derived from the amino acids in the N-terminal sequence of pepsin 
was undertaken. 


EXPRRIMENTAL 


Crystalline pepsin of porcine origin, which contained 15.2 per cent of 
nitrogen (ash- and moisture-free), was used, By electrophoretic analysis 
at pll 4.8 (acetate buffer) and an ionic strength of O.1, 99 per cent of the 
protein in the pepe preparation was found to be the enzyme, 

* Part of the data in this paper las been presented before the ted literiational 
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A weighed portion of pepsin, or degraded pepsin! (50 to 100 mg.), was 
dissolved in 5 ml. of water with the aid of 2 to 3 drops of 1 N NaOH, and 
5 ml. of N-methylmorpholine, 0.5 ml. of phenyl isothiocyanate, and 3 ml. 
of acetone were added with cooling. The mixture was stirred at room 
temperature (22-26°) for various lengths of time. The phenylthiocarba- 
myl (PTC) derivative of the protein was precipitated by the addition of 
25 to 35 ml. of acetone, centrifuged, and washed several times with acetone 
to remove the last traces of phenyl isothiocyanate. The terminal amino 
acid derivative was hydrolyzed from the protein and the PTH formed by 
suspending the precipitate in 7 ml. of 35 per cent acetic acid which was 1.5 
N with respect to HCl. The suspension was stirred at 28-30°. ‘The effect 
of length of hydrolysis will be discussed later. After hydrolysis, the resid- 
ual protein material was again precipitated and washed with acetone to 
recover the PTH. The acetone-dried powder was kept in a vacuum desic- 
cator for several days before being weighed for the next degradative cycle. 

To the acetone and washings were added 15 to 20 ml. of water and the 
acetone was removed under reduced pressure at temperatures below 30°. 
A slight turbidity which usually appeared was filtered off and discarded. 
The aqueous solution was extracted with ether and the ether was dried 
and removed under reduced pressure. The residue was suitably diluted 
with ethyl acetate for chromatography and for quantitative analysis. The 
concentration of the amino acid derivatives was determined in a Beckman 
spectrophotometer at 267 mu. The products obtained from each degrada- 
tion were chromatographed to identify the components extracted. The 
identity of the unknown compounds was established by comparing their 
Ry values with those of authentic phenylthiohydantoins on the same chro- 
matogram. The solvent systems suggested by Sjéquist (2) and by Land- 
mann et al. (3) were used to develop the chromatograms. 

The ethyl acetate solutions were occasionally found to become tinted 
yellow. Fraenkel-Conrat and Harris (4) have indicated that this color 
arises from polymerization of the degradation products. The yellow color 
appeared in the solutions of the phenylthiohydantoins when left standing, 
even in the cold, for several days, when the solutions were made alkaline, 
or when the solutions were heated for relatively short periods of time. By 
working rapidly and keeping the solutions cool, the formation of the yellow 
color could be almost completely avoided. 


KESULTS AND DISCUSSION 


‘The effect of the length of hydrolysis was studied first, Aliquots of a 
single pepsin preparation, which had been formed by allowing pheny!| 


Degraded pepsin was obtained trom the erystalline pepoin which had been treated 
one oF Lines according bo the technique described 
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isothiocyanate to react with pepsin for about 5 hours, were hydrolyzed for 
0.5, 1.0, and 1.5 hours. It was found that there is essentially no difference 
in the yield of PTH after 1.0 and 1.5 hours of hydrolysis (Fig. 1). The 
subsequent data were obtained from preparations of PTC-pepsin which 
had been submitted to 1.0 hour of hydrolysis. 


> 
a 
> 
° 

° 

0.5 1.0 1.5 
HOURS 


Fie. 1. Recovery of the PTH derivative of leucine from PTC-pepsin in moles per 
mole of pepsin, after different times of hydrolysis. The pepsin had been treated for 
5 hours with phenyl] isothiocyanate and hydrolyzed in 35 per cent acetic acid-1.5 N 
HCl. 


TABLE I 


Recovery of Phenylthiohydantoins from Pepsin Serially Treated 
with Phenyl Isothiocyanate and Hydrolyzed 


Treatment with phenyl! isothiocyanate 
Degradation No. of preparations 

0.5 hr. 2.0 hrs. 4.0 hrs. 
Ist 5 0.70 0.79 0.84 
2nd 3 0.74 0.83 0.88 
3rd 3 0.59 0.69 0.75 
4th 2 0.50 0.63 0.72 
5th 2 0.34 


All the values are given in terms of moles of phenylthiohydantoin measured per 
mole of pepsin or degraded pepsin. 


After treating pepsin, or degraded pepsin, with phenyl isothiocyanate 
for different lengths of time, it was found that the maximal yields of PTH 
were recovered after 4 hours of treatment. ‘Table I shows the yields ob- 
tained from several consecutive degradations after varying the time of 
treatment. It did not seem profitable to try more extended treatment of 
the protein to increase the yield. 

Only the product of the first degradation of intact pepsin can be expected 
lo be dncontaminated with the derivatives of other amino acids. Subse 
quent degradations should yield containing the pricipal PEE, 


KUM 
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which would be the derivative of the amino acid whose position in the se- 
quence corresponds to the number of degradations to which the protein has 
been subjected, and the residual phenylthiohydantoins, which would be 
the derivatives of the amino acids which had not gone through the com- 
plete degradative cycle during prior degradations. Chromatographic anal- 
ysis of the products of the several degradations showed this to be true. 
Assuming that the yield of the PTH derived from any amino acid re- 
mains constant under the same conditions of preparation, the data in Table 
I can be used to estimate the amount of the principal PTH and the resid- 
ual phenylthiohydantoins obtained from each degradation. It then be- 
comes possible to determine whether adjacent amino acids are the same. 
The fraction of the total possible terminal amino acid (Ff) recovered as 
the PTH from the first degradation can be obtained directly from the data 
in Table I. The fraction of the total possible yield of the PTH derivative 
of the amino acid occupying the nth position in the sequence (F’,,), obtained 
from the nth degradation, can be calculated from the following series: 


Mn —Ar— DF: (Ar + — Be — --- BL 
M,-1 Mews M,-1 
M,-1 


where m, is the actual amount of PTH measured as recovered from degra- 
dation n, in moles of PTH per mole of protein; F,, Fo, ...F,—1, ete., are 
the fractions of the total possible PTH derivative to be recovered from the 
principal amino acid during degradations 1, 2,...2 — 1; Ai, Ao,...An—1 
are the amounts of the terminal amino acid calculated to be recovered as 
the PTH derivative, in moles per mole of protein, from degradations 1, 
2,...n — 1; and A, B,...L, and M are the designations for the amino 
acids in the order of their appearance in the sequence. 

The amount of PTH derivative from an amino acid which may be ex- 
pected to be recovered from degradations subsequent to the one in which 
it was the principal amino acid may be calculated from the following equa- 
tion: 

M, = — 


where F,, is obtained from the previous equation, }>L, — 1 is the sum of 
the recoveries of the derivative of the immediately preceding amino acid 
in the sequence in all prior degradations, in moles per mole of protein, and 
>>M,, 1 is the sum of the recoveries of the PTH derivative of the amino 
acid in question in all prior degradations, in moles per mole of protein. 
‘Table Uf shows the recoveries expected to be obtained for the first four 
amino acids in the sequence, resulting from six consecutive degradations, 
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based on the data from the preparations which had been treated for 4 
hours with pheny!] isothiocyanate. 

The third amino acid in the terminal sequence of pepsin must be aspartic 
acid, since the PTH derivative of this amino acid first appears in the prod- 
ucts after the third degradation. ‘The aspartic acid derivative is the only 
product of the fourth degradation, and appreciably more PTH is found 
after this degradation than is calculated to arise from the residual hydan- 
toins from previous degradations. It follows that the fourth position in 
the sequence is also occupied by an aspartic acid residue. The fifth deg- 
radation again yielded only the aspartic acid derivative. However, the 


TABLE II 


Partition of PTH Derivatives of Amino Acids of N-Terminal Sequence 
of Pepsin As Calculated from Measured Recovery of PTH 


PTH 
chromatography 
Ist 0.84 0.84 Leu 
2nd 0.88 0.14 0.74 Leu 
Gly 
3rd 0.75 0.20 0.55 Gly 
Asp 
4th 0.72 0.05 0.29 0.38 Asp 
5th 0.34 0.11 0.32 Asp 
6th 0.04 0.17 Asp 
Glu 


All the values are given in terms of moles of PTH per mole of pepsin or degraded 
pepsin. 


total yield of PTH is less than that calculated for the residual phenylthio- 
hydantoins from earlier degradations. It must then be concluded that the 
fifth position in the sequence cannot be occupied by an asparty! residue. 

The method described for preparing the phenylthiohydantoins does not 
yield a PTH derivative of the amino acid which occupies the fifth position 
in the terminal sequence of pepsin. It has been reported that PTH deriv- 
atives of the basic amino acids cannot be extracted from an acid solution 
with organic solvents, but may be extracted from an alkaline solution (4). 
When extraction from an alkaline solution was attempted, extensive poly- 
merization occurred so that neither could quantitative measurements of 
the PVH be made, nor definite identification of the products be achieved 
hy chromatography, 

The identity of the fifth amino acid in the sequence was established by 
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treating pepsin, which had been degraded four times by the technique de- 
scribed above, with DNFB in the presence of excess NaHCO, and by 
hydrolyzing the resulting addition product of pepsin in 5 N HCl for 12 
hours. The hydrolysate was extracted with ether and then with n-butanol. 
The dinitropheny] derivatives in the extracts were identified by chromatog- 
raphy in several solvent systems (5, 6). A composite chromatogram of 
the extracts is shown in Fig. 2. These data support the view that the 
fifth amino acid in the sequence is histidine. 


()3 (e ()e 
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Fic. 2. Composite chromatogram of the dinitropheny] derivatives of pepsin which 
had been degraded four times prior to the formation of the dinitrophenylamino acids. 
Solvent system: pyridine, isoamyl alcohol, NHs,OH. Column A, authentic amino 
acid, 1, DNP-Asp; 2, DNP-Arg; 3, dinitrophenol. Column B, DNP derivatives of 
histidine. Column C, ether extract of the hydrolysate of DNP-degraded pepsin, 
1, DNP-Asp; 2, dinitrophenol. Column D, n-butanol extract of the hydrolysate of 
DNP-degraded pepsin, 1 an unidentified DNP derivative, probably e-mono DNP- 
Lys; 2, 3, DNP-His. 


Aliquots of the ether extract were chromatographed and the dinitro- 
phenylaspartic acid was extracted from the chromatogram. Measurement 
of the absorption at 350 my indicated that 0.56 mole of aspartic acid per 
mole of pepsin had remained attached to the protein after the fourth deg- 
radation. Some of this residual amino acid probably arose from the third, 
as well as the fourth, amino acid in the sequence. 

Qualitative identification of the products formed during the sixth and 
seventh degradations indicated the presence of both aspartic and glutamic 
acid derivatives. Since the residual PTH derivative of aspartic acid would 
be expected to appear in the products of even the sixth degradation (see 
Table I1), it seems probable that the sixth amino acid in the sequence is 
glutamic acid. 
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SUMMARY 


The N-terminal sequence of pepsin was studied with the use of the tech- 
nique for the stepwise degradation of peptides with the formation of phenyl- 
thiohydantoins and the technique for the labeling of the terminal amino 
acid of a protein with dinitrofluorobenzene. The terminal sequence was 


found to be Leu-Gly-Asp-Asp-His-Glu. 
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The nature of the radioactive urinary excretion products, following ad- 
ministration of a physiological dose of a radioactive compound, can usually 
throw some light on its normal metabolic pathways in the intact animal. 
To that end, the urine of rats injected with a-C''-pL-histidine was sub- 
jected to a detailed analysis. Evidence in support of the metabolic path- 
way to glutamic acid, as postulated by several authors (1) and by Paper 
I of this series (2), was thereby obtained. ‘The end-product of an alterna- 
tive metabolic pathway, which appeared to be of greater importance quan- 
titatively than that leading to glutamic acid, was isolated. 


EXPERIMENTAL 


Radioactivity Measurements—Whenever pure, crystalline compounds in 
sufficient quantity were obtained, radioactivity was determined by com- 
bustion to carbon dioxide and radioactivity assay by a vibrating reed 
electrometer, as previously described (2). For fractions eluted from col- 
umn or paper chromatograms, an internal gas flow counter was used, with 
samples spread on planchets. <A conversion factor from one to the other 
instrument was obtained by the use of a planchet containing a standard 
amount of radioactivity. 

Isolation Methods—Urine was collected under toluene for 5 hours from 
Rat I (male, albino, 145 gm.), after intraperitoneal injection of 21.0 mg. of 
_a-C'4-pL-histidine, prepared as previously described (2), dissolved in saline 
(2 ml.), and for 24 hours from Rat II, which was Rat II of the previous ex- 
periment (2). 

For a preliminary survey, urine samples were chromatographed on What- 


* This investigation was supported by grant No. A493 from the National Institute 
of Arthritis and Metabolic Diseases, United States Public Health Service, by United 
States Atomic Energy Commission contract No. AT(11-1)-67 with the University of 
IHinois, and by a grant from the Williams-Waterman Fund of the Researeh Corpora- 
tion. Presented in part at the Thirty-eighth annual meeting of the Federation of 
American Societies for Experimental Biology at Atlantic City, April, 1954. 

+ Present address, Department of Physiology and Pharmacology, Michigan State 
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man No. 1 filter paper sheets two-dimensionally in phenol-water (75:25) 
and 2,6-lutidine-water (65:35) as solvent systems. The dried paper was 
exposed to x-ray film. The map of radioactive compounds thus obtained 
showed all the major metabolites (Fig. 1). It was used throughout the 
experiment for purposes of orientation. 

An aliquot (75 per cent of the whole urine) of the urine from Rat I was 
used for purification and isolations. Counts were taken and paper chroma- 
tograms were run on all fractions obtained to avoid losses on columns and 
to check on the progress of purification. First, acidic compounds were 
removed by addition of Amberlite IRA-400 ion exchange resin (in the hy- 
droxyl form) in small portions with stirring, until the pH reached 7.2. 


(3 
Ns 


LUTIDINE 


Fic. 1. Two-dimensional reference paper chromatogram of whole urine. The 
numbers designate radioactive spots identical with the elution peaks as numbered 
in Fig. 2. Spot 1, unknown metabolite; Spot 2, glutamic acid; Spot 3, imidazole- 
acetic acid; Spot 4, urocanic acid; Spots 5 and 6, histidine; Spot 7, 1- and 3-N-methy]- 
histidines; Spot 8, histamine. 


The resin was then removed by filtration (FI) and the acidic compounds 
were eluted from it by stirring with 2 nN hydrochloric acid, with subsequent 
removal of the resin by filtration (FIJ). FI was passed through a column 
(120 ml. of resin) of Amberlite IRC-50 resin in the hydrogen form. The 
eluate, containing the neutral compounds, was concentrated to a small 
volume and combined with FII (acidic compounds), after the hydrochloric 
acid had been removed at room temperature from the latter. This mix- 
ture was fractionated on a Dowex 50-X8 (200 to 400 mesh) resin column 
(2.5 X 25 em.) in 2 and 4 n hydrochloric acid, with fractions collected 
automatically (Fig. 2). Basic compounds were fractionated separately in 
the same manner (Fig. 2), after elution from the IRC-50 column with am- 
monium hydroxide and subsequent evaporation of that solvent. 
Identification Methods—The Dowex 50 column was first calibrated by 
means of a mixture of known compounds wherever possible, so that radio- 
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active compounds could then be located in their eluted fractions. Fig. 2 
shows the elution pattern. Identification was confirmed by (a) paper 
chromatography of the radioactive fractions in at least two solvent sys- 
tems together with known compounds (Table I); (b) crystallization (and 
sublimation in the case of imidazoleacetic acid) of the radioactive fractions 
with non-radioactive known carrier compounds to constant specific ac- 
tivities; (c) preparation and crystallization of derivatives of the radioactive 
compounds after dilution with carriers, and degradation (in the case of 
imidazoleacetic acid). 
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Fic. 2. Elution pattern from Dowex 50 ion exchange resin column. The volumes 
collected per tube were 4 ml., with radioactivity determinations carried out with 0.1 
ml. plated out on metal planchets covered with plastic to prevent corrosion. The 
numbers above the peaks refer to the corresponding spots on the paper chromato- 
gram in Fig. 1. Peak 1, unknown metabolite; Peak 2, glutamic acid; Peak 3, imi- 
dazoleacetic acid; Peak 4, urocanic acid; Peak 5 (6), histidine; Peak 7, 1- and 
3-N-methylhistidines; Peak 8, histamine; Peak F, formamidinoglutaric acid. 


Of the individual compounds, glutamic acid (Peak 2, Fig. 2) was crystal- 
lized with carrier from concentrated hydrochloric acid as the hydrochloride. 
The phenylhydantoin derivative was prepared (2) to check activities. 
Formamidinoglutaric acid was characterized by adding its barium salt 
(enzymatically prepared from histidine by Dr. H. Tabor, to whom the 
authors are deeply indebted for this gift) to the respective fraction (Peak 
F, Fig. 2). The free acid was liberated by addition of dilute sulfuric acid 
to pH 3, barium sulfate was removed, and the barium salt was reformed by 
addition of barium hydroxide to pH 7 and then crystallized and recrystal- 
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lized according to Tabor and Mehler (3). After radioactivity determina- 
tion, the formamidinoglutaric acid was converted to glutamic acid by pro- 
longed heating with concentrated hydrochloric acid. ‘The glutamic acid 
hydrochloride so obtained was crystallized and recrystallized to constant 
specific activity. Imidazoleacetic acid was isolated by using the hydro- 
chloride as carrier with the radioactive fraction containing it (Peak 3, Fig. 
2). The hydrochloride was converted to free imidazoleacetic acid by the 
ion exchange resin method described by Mehler, Tabor, and Bauer (4), 
crystallized from acetone-water, recrystallized, sublimed, and recrystal- 
lized. The specific activity remained constant after the first erystalliza- 


TABLE I 
Paper Chromatography of Known and Possible Metabolites of Histidine 


Compounds were chromatographed ascending on Whatman No. 1 paper. 


! 
Rp value in solvents 


| 


Phenol- | Lutidine- Butanol- 
| | 
Formamidinoglutaric acid............. | 049 | 0.23 | 
Imidazoleacetic acid................... | 0.79 | 0.32 0.26 | 
1-N-Methylhistidine........ 0.81 0.25 
3-N-Methylhistidine................... 0.92 | 0.32 | 
N-Formylglutamic acid................ 0.61 0.36 0.55 
N-Formylisoglutamine................., 0.75 0.51 | 
N-Formylglutamine.................... 0.75 0.29 | 0.36 
Carbamylglutamic acid................ 0.47 | 
N-FormylIpyrrolidonecarboxamide.. ... | | «0.67 | 
| 


tion. The compound was then decarboxylated as described below, and 
the specific activity of the carbon dioxide obtained from its carboxyl group 
was determined. Urocanic acid (Peak 4, Fig. 2) was recrystallized to con- 
stant specific activity (with carrier) from water; histidine from alcohol- 
water as described (2). The activity of the latter was checked through the 
picrolonate, recrystallized from water-ethanol (m.p. 237°). 

Spot 6 (Fig. 1) was proved to be histidine by the following experiments: 
It appeared in the same fractions as histidine when eluted from the Dowex 
50 column and could be separated from histidine by paper chromatography 
only in the lutidine-water (65:35) system. It reacted like histidine with 
ninhydrin and diazotized sulfanilic acid. When eluted from the paper, it 
could be precipitated with unlabeled carrier histidine as the dimercury 
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derivative in the following manner: Eluted Spot 6 (853 c.p.m. plus 9.8 mg. 
of unlabeled histidine hydrochloride) and eluted Spot 5 (known histidine 
as control) (2040 c.p.m. plus 16.9 mg. of unlabeled histidine hydrochloride) 
were each separately dissolved in 1 ml. of 0.02 n hydrochloric acid. Mer- 
curic chloride reagent (1.5 ml.) (0.54 gm. of mercuric chloride, 7 gm. of 
sodium acetate, and 1 gm. of sodium chloride dissolved in 15 ml. of water) 
and 4 per cent sodium metaborate solution (2 ml.) were added. The pre- 
cipitates obtained were washed by centrifugation six times and redissolved 
in dilute hydrochloric acid, and the mercuric ions were precipitated by 
hydrogen sulfide gas. The resulting histidine hydrochloride from Spot 6 
had a specific activity of 87.1 c.p.m. per mg. (calculated, 87.5); that from 
Spot 5, 109 c.p.m. per mg. (calculated, 120). 

For further identification, eluates from Spot 6 and from Spot 5 (known 
histidine as control) were transformed into their diazo derivatives with 
unlabeled carrier histidine and counted as such as follows: Eluted Spot 6 
(2130 c.p.m. plus 10.2 mg. of unlabeled histidine hydrochloride) and eluted 
Spot 5 (known histidine) (5100 c.p.m. plus 13.7 mg. of histidine hydro- 
chloride) were each separately dissolved in 1 ml. of water. p-Nitroaniline 
(0.36 gm.) in 0.1 N hydrochloric acid (8 ml.) was cooled to 0° and added to 
sodium nitrite (0.25 gm.) in 2 ml. of water; 1.5 ml. of this solution were 
added to each of the histidine solutions. After standing at room tempera- 
ture for 15 minutes, they were neutralized to pH 7 with dilute sodium car- 
bonate solution. The resulting precipitate of the didiazohistidine was 
collected by centrifugation, washed with water several times, and recrys- 
tallized to constant specific activity from ethanol; m.p. above 300°. Spe- 
cific activity of Spot 6 derivative, 39,100 c.p.m. per mmole (calculated, 
40,000); that of Spot 5 (histidine) derivative, 65,600 c.p.m. per mmole (cal- 
culated, 71,400). 

Finally, eluted Spots 6 and 5 (histidine) were each separately rechroma- 
tographed on paper in the lutidine solvent. Each again split into two 
radioactive spots with the Rr values previously obtained for the mixture 
of the two, thus proving that Spot 6 is an artifact of chromatography, 
which accompanies histidine in the lutidine solvent. 

1-N-Methylhistidine and 3-N-methylhistidine appeared in the same spot 
(Spot 7, Fig. 1) on the urine chromatogram and in the same eluted frac- 
tion (Peak 7, Fig. 2). They could be separated only by rechromatography 
on paper of the eluted fraction in the phenol-water system and elution 
of the separate spots. 1-N-Methylhistidine was crystallized with unla- 
beled carrier from ethanol-water. The dipicrate was prepared as a deriva- 
tive. 3-N-Methylhistidine was identified by cochromatography on paper 
with a sample of the known compound in two solvent systems (Table I). 
Histamine, after addition of carrier to the eluted fraction (Peak 8, Fig. 2), 
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was extracted into butanol from a basic solution and recrystallized to con- 
stant specific activity as the diflavianate. 

Histidine of Rat IL was isolated by elution of Spots 5 and 6 from a two- 
dimensional paper chromatogram in the lutidine and phenol solvents, as 
described above. 

Degradation Experiment—In order to confirm further the identity of the 
radioactive imidazoleacetic acid, it was decarboxylated by a method simi- 
lar to that described by Brown, Cerwonka, and Anderson (5). The radio- 
active imidazoleacetic acid hydrochloride obtained from the eluted fraction 
(Peak 3, Fig. 2), together with non-radioactive carrier (total weight, 28.65 
mg.), copper chromite catalyst (50 mg.), and quinoline (5 ml.) were placed 
in a tube provided with an inlet for an inert sweep gas (helium) dipping 
under the surface of the solvent and fitted with a fritted glass disperser, 
an outlet, cooled by a condenser, leading through a U-tube cooled to —80°, 
and a trap cooled by liquid nitrogen in which the carbon dioxide could be 
collected. The solution was first swept out with helium at room tempera- 
ture without the liquid nitrogen trap for 20 minutes. It was then heated 
to 240° for 75 minutes, while the carbon dioxide evolved was collected in 
the trap cooled by liquid nitrogen with a continuous slow helium sweep. 
The collected carbon dioxide was then transferred into a calibrated man- 
ometer on a vacuum line to measure the quantity obtained, and lastly into 
an ionization chamber where its radioactivity was determined. 

Syntheses. a-N-Formylisoglutamine—A method was used which differed 
from that of Borek and Waelsch (6), as their synthesis had not yet been 
described when the present experiments were carried out. 

y-Benzyl-a-N-phthalylisoglutamine (7) (7.3 gm.) was suspended in etha- 
nol (20 ml.) with hydrazine hydrate (85 per cent) (1.2 ml.) for 24 hours at 
0°. The solid dissolved slowly and y-benzylisoglutamine crystallized (3.5 
gm.). It was recrystallized several times from hot ethanol, m.p. 136° with 
decomposition. ‘y-Benzylisoglutamine (1.5 gm.) was dissolved in ice-cold 
formic acid (98 per cent) (30 ml.) and acetic anhydride (4.2 ml.) and cooled 
in ice. More acetic anhydride (5.7 ml.) was added and the solution was 
left at room temperature overnight. Water was then added and the sol- 
vents were removed at 70° under reduced pressure. ‘The oily residue was 
treated with warm ethyl acetate, insoluble material was removed by filtra- 
tion, and the filtrate was evaporated to dryness. The residual oil, when 
kept covered with ether at 0° for 3 days, crystallized and was then recrys- 
tallized from an ethyl acetate-ether mixture, giving a melting point of 107°. 
Yield, 550 mg. of y-benzyl-a-N-formylisoglutamine. 


C12H;6OqN 2. Calculated, C 59.18, H 6.10; found, C 59.31, H 6.19 
y-Benzyl-a-N-formylisoglutamine (200 mg.), dissolved in ethanol (100 
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ml) and aeetie acid (0.2 mb), was treated with palladiim-echarcoal (30 mye.) 
and hydrogen at room temperature and pressure. After the theoretical 
amount of hydrogen had been taken up (5 hours), the ethanol was gradually 
boiled off and replaced by ethyl acetate until cloudiness appeared. On 
cooling, a-N-formylisoglutamine erystallized. It was reerystallized in the 
same manner, giving a melting point of 134° (Borek and Waelsch give a 
melting point of 138°). Yield, 103 mg. 


CeHioOsNe. Caleulated. C 41.47, H 5.76, N 16.20 
Found. 41.57, ** 5.76, 15.92 


1-N-Formylpyrrolidone-2-carboxamide—In an attempt to cyclize formyl- 
isoglutamine to the postulated intermediate of histidine metabolism, imid- 
azolonepropionic acid (1), formylisoglutamine (100 mg.), in acetic anhy- 
dride (10 ml.) and triethyl orthoformate (10 ml.), was heated to 100° for 
90 minutes. The solvents were removed under reduced pressure. The 
residual oil crystallized upon addition of ether. The solid was recrystal- 
lized from ethyl acetate by addition of petroleum ether, m.p. 150°. 


CeHsQO3Neo. Calculated. C 46.10, H 5.12, N 17.92 
Found. 46.21, 4.68, 17.80 


These analytical figures are in accord with the imidazolonepropionic acid 
structure. Chemical tests and infra-red data, however, showed the absence 
of a free carboxylic acid group and the presence of a free formyl group. 
Hence the structure of 1-N-formylpyrrolidone-2-carboxamide was assigned 
to the compound. 


RESULTS AND DISCUSSION 


Spot 1 (Fig. 1)——This compound is the only major metabolite of histidine 
in urine remaining unidentified. Its behavior with ion exchange resins 
shows it to be strongly acidic, presumably without a basic group, since it 
is eluted in the first thirty tubes from the Dowex 50 column (Peak 1, Fig. 
2). It is resistant to prolonged acid and basic hydrolysis at 100°, as evi- 
denced by unchanged Ry values after such treatment. From their re- 
spective elution curves from Dowex 50 columns, it appears probable that 
this compound is identical with that found as a metabolite of histidine in 
liver and eluted before glutamic acid by Abrams and Borsook (8). Paper 
chromatographic tests showed that the compound is different from a-N- 
formylglutamie acid, a-N-formylisoglutamine, a-N-formylglutamine, and 
carbamylglutamiec acid. In fact, none of these compounds could be de- 
tected among the major metabolites of histidine in urine. 

Glutamic Acid (Spot 2, Fig. 1)—-The unexpectedly low radioactivity of 
glutamic acid in urine would force one to the conclusion that the urocanic 
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acid-glutamie acid pathway of histidine metaboham playa a minor réle in 
Allowance has to be made for the probably 


the normal, mtaet animal, 


large body pool of glitamie acid and its high metabolic activity, 


Tanue 


Urinary Metabolites 


Vet 


, the 


Dose injected, 52.9 we. (Rat II, 69.3 we.); specifie activity, 429 we. per mmole; 
activity in urine, 11.0 we. (Rat IT, 15.91 we.); duration of collection, 5 hours (Rat 


II, 24 hours). 


Carrier experiments pérformed on Dowex 50 eluate fractions. 


Frac- 
whole Amount A- ‘ated T 
urine mount otal 
by aliquot added| com diluted urine 
aliquot pound | com- 
pound 
meg. meg. ‘mmole 
Spot | 0.397 
Glutamic acid 0.04 0.0104*)162.6, 3.05 47.7 0.084 
Glutamic acid-phenylhydan- 3.16 
toin derivative 
Formamidinoglutaric acid 0.75 51.6) 4.57 1.02 
(Ba salt) x 10-3 
Glutamic acid hydrochloride t | 4. 28 | 
Imidazoleacetic acid (hydro- | 0.33 0.123f 662.7 76.20319.0 | 0.925 
chloride) | | 
CO, from carboxyl of imida-_ 70.50 
zoleacetic acid | | | 
Urocanic acid (dihydrate) 0.04 |0.046§ |169.2 6.36, 23.4 | 0.155 
Histidine 0.04 0.445]] 156.2 233.8 | 82.2 | 5.902 
picrolonate | 246.5 
1-N-Methylhistidine 0.025 0.003]] | 55.2) 2.6 | 53.9 | 0.782 
“ dipic- | 2.8 
rate 
0.008) | 30.5 | 0.339 
Histamine 0.10 0.072 | 5.0237.0 19.3 0.124 
| | | 10.00 


Histidine (Rat II) 


8.40 


* The authors are indebted to Dr. L. M. Henderson for the microbiological assay 


of glutamic acid in urine. 


t Derived from formamidinoglutaric acid. 
t Estimated colorimetrically (4). 
§ Istimated by ultraviolet light absorption (23). 
|| Estimated colorimetrically (24). 


values for activity and specific activity of urocanie acid (Table II), to 
which these qualifications do not apply, are also low and of the same order 


of magnitude. 


|| | 
Per 
| P 
“fine | cent 
dose 
| | 
| 3.61 0.75 
0.16 
| 
0.01) 
| 1.75 
| | 
| 1.41) 0.29 
53.60/11.17 
| 1.42 
0.63 
1.13) 0.23 
62.82 14.41 
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Formamidinoglutarce Acid compound has been shown to be an 
intermediate an vitro in the transformation of histidine to glutamie acid 
(1). ‘Phe low values here obtained, below those even of glutamic acid and 
urocanic acid, are probably due to decomposition to glutamic acid during 
isolation of this labile compound. 

Imidazoleacetic Acid (Spot 3, Fig. 1)—-Vhe presence of radioactivity in 
this compound in the carboxyl group only was proved by catalytic de- 
carboxylation, which resulted in a yield of 78.5 per cent carbon dioxide from 
the imidazoleacetic acid, with a specific activity of 92.6 per cent of that of 
the imidazoleacetic acid before reaction. Paper electrophoresis according 
to Tabor and Hayaishi (9) showed the absence of radioactive imidazole- 
acetic acid riboside in the Dowex 50 eluate fractions containing imidazole- 
acetic acid. 

Imidazoleacetic acid has been shown to be a metabolite of histamine 
(10) and of histidine zn vitro (11) and in the intact rat (12). The present 
work shows this compound to be the major excretion product of pt-histi- 
dine, at least under the conditions of the experiment as described. Since 
the dose injected (21.0 mg.) does not exceed the amount of histidine in- 
gested normally by the rat within several hours, imidazoleacetic acid can- 
not be regarded as a detoxication product of an excessive dose. The high 
specific activity (Table II) would suggest that its metabolic pathway from 
histidine and its excretion are rapid, without accumulation of a sizable 
body pool. Since histamine is also degraded to imidazoleacetic acid by 
the rat (10), the question arises whether histamine is formed as an inter- 
mediate between histidine and imidazoleacetic acid. In view of the low 
activity and specific activity of histamine (Table II), compared to those of 
imidazoleacetic acid, this seems to be an unlikely pathway. Preliminary 
time studies with labeled pi-histidine and rat liver tissue slices support 
this view, in that labeled imidazoleacetic acid seems to appear long before 
labeled histamine. The alternative possibility, the formation of imid- 
azolepyruvic acid as an intermediate, is more plausible, in that this is the 
type of metabolic degradation common to most amino acids. This com- 
pound has in fact been found to be excreted in rat urine along with imid- 
azoleacetic acid (12). 

The high specific activity of the imidazoleacetic acid could be accounted 
for in another way by considering it to be derived mainly from the D iso- 
mer of histidine (pL-histidine was injected). Because of the known higher 
activity of the p- over the L-amino acid oxidase in the rat (13), imidazole- 
pyruvic and hence imidazoleacetic acid may be formed from the D isomer 
preferentially, without much dilution from a body pool. It is known that 
rats can readily utilize p-histidine, by inversion (14), presumably through 
imidazolepyruvic acid, which itself is growth-supporting (15). 

Urocanic Acid (Spot 4, Fig. 1)—The value for urocanic acid activity 


’ 
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(Viable is of the anime order of magnitude as that of glutamic acid, whieh 
is Lo be expected, as there exista a metabolic relationship, ‘The formation 
of urocanie acid from histidine in the intact mammal has been questioned 
(16, 17). The experiments here reported show conclusively that, though 
part of a minor pathway, urocanic acid is normally formed from histidine 
and excreted. ‘The discrepancy can be explained through the fact that the 
quantities involved are too small to be readily detectable by non-isotopic 
methods, although Inoue (18) has reported the isolation of urocanic acid 
from human urine. 

1-N- and 3-N-Methylhistidines (Spot 7, Fig. 1)—Both 1- and 3-N-methyl- 
histidines have been isolated from mammalian urine by Tallan and co- 
workers (19). The present experiments show the presence in rat urine of 
both isomers as major radioactive urinary constituents after administration 
of labeled histidine. It is of interest to note that 1-N-methylhistidine, 
which is the isomer found in anserine, has about twice the activity of the 
3-N-methy] isomer (Table Il). The work reported here complements the 
findings of du Vigneaud and Behrens (20), demonstrating the utilization of 
the methyl groups of methionine in the formation of anserine from histi- 
dine. It is of interest to observe that histidine, which is known to be a 
donor of 1-carbon fragments and methyl] groups (21), can also function as 
a methyl group acceptor. 

Histamine (Spot 8, Fig. 1)—The activity of histamine was found to be 
low (Table II). Therefore, the direct decarboxylation reaction of histi- 
dine is not a significant route in its metabolism, except in that it provides 
the required small amount of histamine, as already shown by Schayer (22). 

A distribution of radioactivity among urinary metabolites of pL-histi- 
dine, essentially similar to that described above (Fig. 1), was found in the 
urine of two other rats after collection for 4 and 24 hours, as proved by 
two-dimensional paper chromatography. The percentage of the adminis- 
tered dose excreted in urine in 24 hours (22.99) is not significantly greater 
than that in 5 hours (20.60), nor, as shown in Table II, is the value for 
excreted histidine. Imidazoleacetic acid is the principal metabolite also 
in 4 and 24 hours. 


SUMMARY 


All the major metabolites except one, excreted in urine 5 hours after 
administration of a-C'4-pL-histidine, were isolated and identified. Glu- 
tamic and urocanic acids had similar and low activities, whereas carboxyl- 
labeled imidazoleacetic acid was found to be the principal metabolite with 
a high level of activity. Formamidinoglutaric acid of very low activity 
was isolated, as well as labeled histamine. Radioactive 1-N-methylhisti- 
dine showed high activity; labeled 3-N-methylhistidine could also be de- 


lected, ‘The amounts and dhatmibution of tadhowetivity ane 
Jt houra were found to be essentially similar Th was concluded that the 
maim end-product of the catabolism of pr-histidine, at least under the 
conditions of the present experiment, is imidazoleacetic acid, probably 
formed through imidazolepyruvie acid. 


It is a pleasure to acknowledge the generous help and advice given to 
the authors by Dr. H. Tabor and Dr. A. H. Mehler, in particular their 
gifts of urocanic, imidazoleacetic, formamidinoglutaric, and formylglutamic 
acids and formylglutamine. The authors are also indebted to Dr. D. 
Wright Wilson and Dr. H. H. Tallan for their gifts of 1- and 3-N-methyl- 
histidines, respectively. 
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In recent years, interest in the biological significance of methylsulfonium 
compounds has been stimulated by the discovery that their natural oc- 
currence is rather wide-spread. ‘Thus dimethylpropiothetin' has been 
isolated from Polysiphonia lanosa (1) and other marine algae? and has been 
shown to function as a methyl donor in vivo (2) and in vitro (3). a-Amino- 
y-dimethylbutyrothetin (S-dimethylhomocysteine) has been found in cab- 
bage (4) and other plants (5), but it is not clear what position this amino 
acid occupies in the metabolism of methylated compounds. There are 
conflicting data on the ability of S-dimethylhomocysteine to replace 
methionine in the rat (6-8), while in bacteria (9) and in yeast (10), when 
administered in conjunction with homocysteine, it is utilized as well or bet- 
ter than methionine. It is not established, however, whether the com- 
pound can function as a source of labile methyl groups directly or whether 
it is first converted to methionine. Another sulfonium derivative of 
methionine, S-adenosylmethionine, has been identified as the true methyl 
donor for transmethylation reactions in which methionine participates (11). 
This new intermediate is formed enzymatically from ATP and methionine 
and its biosynthesis as well as its réle as a methyl donor in a number of 
transmethylation reactions has been investigated by one of us (12, 13). 

It is well established that sulfonium compounds can decompose chem- 
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1 In the literature the term Polysiphonia fastigiata has been used synonymously 
for Polysiphonia lanosa. The following abbreviations are used: DMPT, dimethyl- 
propiothetin bromide; ATP, adenosine triphosphate; Mes, dimethyl sulfide; GSH, 
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ically and enzymatically to give disulfides. Of the three disulfides which 
can theoretically arise from S-adenosylmethionine, two, namely S-adeno- 
sylhomocysteine and thiomethyladenosine, have been shown to be formed 
biologically (14, 15). ‘The possible formation of the third, methionine, 
would indicate that the reaction catalyzed by the methionime-activating 
enzyme in reversible; ivestigations are currently under way to examine 
this, In the case of DMPT only two disulfides are pomable, namely, 
dimethyleulfide and methylmercaptopropiome acid, ‘Phe latter compound 
is presumably a product of transmethylation reactions which 
participates as a methyl donor, Dimethyl sulfide has been identified as 
the agent responsible for the leek-like odor evolved when certain marine 
algae are exposed to air (1, 16). By analogy with the well known (1) 
chemical cleavage of DMPT to Mees and aerylic acid and in view of the 
occurrence of DMPT in algae, it has been assumed that the evolution of 
Me.S from P. lanosa might be the result of the enzymatic cleavage of free 
DMPT or of a compound closely related to it (1). This suggestion has 
now been verified experimentally and the present communication describes 
some properties of an enzyme which catalyzes the reaction 


+ GSH 
(CH;)2S—CH:— CH: _———> (CH;).S + CH:==CH—COOH + Ht 


The enzyme is bound to protoplasmic particles and, as yet, has not been 
obtained in a soluble state; sulfhydryl compounds are required for activity. 
The enzyme has a pH optimum in the neighborhood of 5.1 and it exhibits 
relatively narrow substrate specificity. Dimethyl sulfide and acrylic acid 
were isolated and conclusively identified as products of the reaction. 


EXPERIMENTAL 


Chemical Preparations and Reagents—-DMPT (1), S-dimethylhomo- 
cysteine bromide (17), and dimethylacetothetin bromide (18) were made 
synthetically. S-Adenosylmethionine sulfate was prepared enzymatically 
(19). Ammonium reineckate was synthesized (20). Solution A was 
sodium acetate buffer, 0.05 mM, pH 5.2, in 0.2 m sodium chloride; just prior 
to use neutralized GSH was added to a final concentration of 25 mg. per 
ml. Solution B was 1 volume of phosphate buffer, 0.05 m, pH 7.8, and 2 
volumes of acetone. Prior to each determination, a 1 per cent solution 
of ammonium reineckate in 5 per cent TCA was made and filtered. 


Results 


DMPT-Cleaving Enzyme—The enzyme was found in extracts of P. 
lanosa. The algae were brought to the laboratory still attached to the 
host Ascophyllum nodosum. After separation from A. nodosum they were 
kept in a well aerated tank with running sea water and used within 24 
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hours for preparation of the extracts. For this purpose the algae were 
dried between towels and placed in the ice box for 30 minutes; then they 
were thoroughly ground in a chilled mortar with a little sea sand and 3 
volumes of cold 0.05 mM potassium phosphate buffer, pl 6.8; during this 
namipulation a strong odor of Mess was noticeable, Next, the extract 
was centrifuged for S minutes at in the refrigerated Interna 
Hional centrifuge (aodel PRE) to remove sand and large cellular débria; 
the dark brown supernatant fliid was decanted and, after addition of 0.1 
volume of a solution of glutathione (25 mg. per ml i M acetate buffer, 
5.2), centrifuged for LO minutes at 380,000 Spineo high speed 


! ! 


uM OF DMPT DISAPPEARING/IO MIN 


O31 062 125 
ML. ENZYME/ML.OF RM. 
Fic. 1. Relationship of enzyme concentration to activity. Conditions, DMPT, 
0.020 m; GSH, 0.006 M; acetate buffer, pH 5.2, 0.03 m; enzyme as noted. (R. M. = 
reaction mixture.) 


centrifuge. The clear supernatant fluid was discarded after observation 
of its volume and the residue was resuspended in one-half this volume of 
Solution A. 

Measurement of Enzyme Activity—The reaction was carried out in small 
test-tubes at room temperature (about 25°). Under the conditions of the 
assay the activity of the enzyme was directly proportional to enzyme con- 
centration (Fig. 1). The rate of disappearance of the substrate, DMPT, 
was used as a measure of enzyme activity. For the determination of 
DMPT advantage was taken of the fact that in dilute acid this sulfonium 
compound is quantitatively precipitated by the addition of ammonium 
reineckate. The thetin reineckate is practically insoluble in dilute acid 
but is soluble in acetone, formamide, or phosphate buffer at pH 7.8 or 
higher. On the basis of these observations the following procedure was 
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adopted for the quantitative determination of DMPT. The enzymatic 
reaction was terminated by addition of an equal volume of 10 per cent 
TCA; after centrifugation, 2 ml. of the ammonium reineckate solution were 
added to a 1 ml. aliquot of the protein-free filtrate containing 0.5 to 2.5 
mg. of DMPT, and the samples were chilled in ice for 12 hours. The 
samples were then centrifuged for 15 minutes at 2500 r.p.m. in a refrigerated 
International centrifuge maintained at 2° and the supernatant fluid was 
cautiously removed by suction with a capillary pipette to avoid disturbance 
of the precipitate which packs with difficulty. For this manipulation a 
capillary pipette with the tip bent upwards was used. ‘The precipitate was 
then washed with 2 ml. of ice-cold 5 per cent TCA. The sample was 
centrifuged again and the supernatant fluid was removed as described 
above. Next, the precipitate was dissolved in a measured volume of 


I 
Preparation of DMPT'-Cleaving Enzyme by Centrifugation 


Activity 

Treatment Units® per ml. | remaining in 

supernatant 

per cent 
1. Centrifugation at 1,000 r.p.m. for 3 min.............. 4.68 100 


*1 unit = 1 wmole of DMPT disappearing in 10 minutes. 


Solution B, and the optical density was read at 520 my in a Beckman DU 
spectrophotometer; at this wave-length, the molar extinction coefficient 
of DMPT reineckate is 108. 

Although the method is not specific for DMPT, inasmuch as other 
“onium” compounds are also precipitated at acid pH, it was found that 
it could be used quite satisfactorily because crude algae extracts contribute 
only small amounts of reineckate-precipitable material for which correction 
could be made. With the partially purified enzyme prepared as described 
above this correction was no longer necessary. 

Properties of Enzyme System—The data collected in Table I show that 
the thetin-cleaving activity is associated with a sedimentable subcellular 
fraction; this experiment provides the basis for the preparative procedure 
described above. 

In early experiments, the enzyme appeared to be particularly labile and 
erratic results were obtained. ‘This was eventually traced to a requirement 
for reduced thiol groups (Fig. 2). Cysteine and other —SH compounds 


— 


of 


cr 
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will serve as well as GSH in this system. At the present time, the finding 
that thiol groups were required is interpreted as indicative of the sulfhydryl 
nature of the enzyme; this interpretation is supported by the observation 
that Versene and other chelating agents do not replace —SH compounds 
as activators. 

The pH optimum of the reaction is around 5.1 and falls off sharply on 
the acid side and more gradually on the alkaline side of this pH. 

The specificity of the substrate has been investigated with respect to a 
number of related methyl “onium” compounds. ‘The lower analogue, 


N. 


uM OF DMPT DISAPPEARING 


1 Jt 


os 5.4 8.1 
uM GSH/ML. OF R.M. 


Fic. 2. DMPT-cleaving enzyme activity as a function of the concentration of 
glutathione. Conditions as Fig. 1. Enzyme 0.5 ml. per ml. of reaction mixture; 
GSH as noted. 3 


dimethylacetothetin, was cleaved much more slowly; S-dimethylhomocys- 
teine, S-adenosylmethionine, betaine, and choline were not attacked. 

Products of Reaction—The products of the reaction were isolated and 
characterized as follows: a reaction mixture containing 2.25 mmoles of 
DMPT, 250 umoles of GSH, and 15 ml. of enzyme in a final volume of 6.0 
ml. was incubated for 3 hours in an Erlenmeyer flask arranged in such a 
way as to allow aspiration of volatile products, first through a water trap 
and then through a 5 per cent solution of palladium chloride. At the end 
of the incubation, aspiration was applied and the reaction flask was placed 
in a water bath at 45° for 30 minutes. A heavy yellow precipitate was. 
collected by filtration through a small sintered glass funnel and its melting 
point was determined after two recrystallizations from hot water. It 
melted sharply at 124.5-125°; an authentic sample prepared by aspirating 
Me>S through a solution of palladium chloride as above had a melting point 
of 125° (21); melting point of mixture, 124.5°. 
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The reaction mixture was then acidified with H,SO, and filtered to re- 
move denatured protein and the filtrate was extracted with ether for 24 
hours in a continuous extraction apparatus. The ether phase was then 
neutralized with NaOH and brought to dryness. Next, the residue was 
dissolved in a few ml. of 2 N H,SO, and steam-distilled. The steam-volatile 
acids were collected and analyzed by the chromatographic procedure of 
James and Martin (22).4 By comparison with authentic samples of acrylic, 
propionic, and acetic acids, acrylic acid was identified as the major compo- 
nent of the steam-volatile acid fraction obtained as described above. In 
addition there was an unidentified acid representing only a few per cent 
of the total acid fraction, and, of course, acetic acid which had been used 
as buffer in the reaction mixture, 


DIBCUBRION 


It is of interest to point out that the products of the cleavage of DMPT 
are the same whether the cleavage is brought about by chemical treatment 
or by enzymatic catalysis. Acrylic acid has been postulated as an inter- 
mediate in a number of reactions (23-25), but its biological occurrence has 
not yet been reported. It would be of interest to study its further metabo- 
lism in P. lanosa. 

The single elimination reaction of the type studied here resembles the 
reaction involved in the formation of trimethylamine from choline (26-28). 
It would, therefore, appear worth while to search for the existence of en- 
zymes catalyzing similar reactions in plants containing S-dimethylhomo- 
cysteine and in other natural materials containing “onium” compounds. 

Very little is known about the physiology and biochemistry of P. lanosa. 
However, the high catalytic activity of the enzyme and the presence of 
large amounts of substrate in the intact alga‘ indicate an important func- 
tion for the DMPT-cleaving enzyme. In view of the nature of the reaction 
and of the normal habitat of the alga, tidal waters, it is tentatively sug- 
gested that the presence of the enzyme and its substrate may be related to 
osmotic phenomena and the associated ion shifts. 


SUMMARY 


1. The cleavage of dimethylpropiothetin by an enzyme obtained from 
the marine alga Polysiphonia lanosa has been investigated. 

2. Dimethyl] sulfide, acrylic acid, and H+ have been characterized as 
the product of the reaction. 


3? The authors are deeply indebted to Dr. Howard Saz for the chromatographic 


characterization of acrylic acid. 
4 Unpublished observations indicate that the concentration of DMPT in the alga 


may be as high as 0.04 m. 
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3. Some of the properties of the enzyme have been studied; the possible 


significance of this reaction in the physiology of the alga is discussed. 


wwe 
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THE RESPONSE TO GLUCOGENIC STRESS OF FRUCTOSE- 
1,6-DIPHOSPHATASE IN RABBIT LIVER* 


By LEWIS C. MOKRASCH, WARREN D. DAVIDSON, anv 
R. W. McGILVERY 


(From the Department of Physiological Chemistry, University of Wisconsin Medical 
School, Madison, Wisconsin) 


(Received for publication, January 12, 1956) 


Current knowledge of the routes of tiamimalan carbohydrate metabo- 
inti that the formation of glucose-G- phosphate, and thus of liver 
glycogen or blood glucose, from amino acids, pentoses, fructose, or blood 
lactate involves the action of PD Pase! in the liver, the hydroly 
ai Of PDP is essentially ireveruble and the accumulation of the end prod 
Hele has little inhibitory aetion (1), the amount of PD Pase present in the 
lveris potentially a controlling factor in the rate of glicogenesia, this 
potentiality is realized, the total amount of FP DPase must inerease when 
the synthesis of glucose increases. A possible mechanism for a rise in 
i DPase activity is present in the known proteolytic activation of the en- 
zyme (2), mediated by enzymes normally present in the liver microsomes. 
In this study, increased glucogenesis was forced by feeding diets high in 
protein or in glucose to rabbits, and by administration of cortisone. An 
estimate of the degree to which proteolytic activation might have occurred 
in vivo was made by measuring the remaining extent of activation in vitro. 


EXPERIMENTAL 


Assay of FDPase—Extracts of individual livers with lactate buffer were 
assayed (1) after varying periods of incubation at 38° to determine the 
level of FDPase activity and its maximal autolytic increase. In some ex- 
periments, extracts were also made by centrifugation of isotonic homogen- 
ates for 2 hours at 20,000 * g. Possible variation in the proteolytic en- 
zymes as a factor in the extent of autolytic activation was then eliminated 
by incubating these extracts with a constant amount of an “activator” 
preparation derived from normal rabbit liver microsomes (2). The amount 
used was that which gave maximal increase in 4 hours with a pooled KCl 
extract from normal livers, but the fact that the increase was maximal 
was verified by a kinetic study with each liver preparation. 


* This study was supported by grant No. RG-2594 from the National Institutes of 
Health, United States Public Health Service. 
1The following abbreviations are used: FDPase, fructose-1,6-diphosphatase; 
FDP, p-fructose-1 ,6-diphosphate. 
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Diets—<A basal diet containing 22 per cent casein and 53 per cent glucose 
was patterned after the compositions of Kunkel and Pearson (3) and of 
Olcese, Pearson, and Sparks (4). Rabbits weighing 1 to 1.6 kilos were 
used. The control groups were fed the basal diet, and the experimental 
groups the basal diet with glucose replaced by an equal quantity of gelatin 
or of fructose. In Experiment A (Table I), the animals were offered 40 
gm. per kilo of body weight per day, and the amount was increased as nec- 
essary to supply a small excess over the daily consumption. All of the 
animals gained weight after 3 days. Experiment B was inadvertently 
conducted in a period of extraordinarily high temperature and humidity 
with resultant anorexia, and 9 days were required before the experinien- 
tal diets were accepted by all animals, ‘Thus, the animals at 16 and ¥ 
days were actually eating the full amount of diet for approximately 7 
and tt days, respectively, as in AJ ti Maperinent the 
of food offered was limited to 40 gin per hilo at body weight pes 
to YOO in average body weight at the tine of sacrifices 
the variation in the food of Che ani 
mnals dining the initial period, none of the values for PD activity, eal 
elated on the basis of body weight, liver weight, or amount of Tver pro 
fein, from the sixteen experimental animals fell below the highest value 
from the nine control animals. 

Administration of Cortisone- Rabbits were given 5 mg. of cortisone ace- 
tate per kilo of body weight subcutaneously twice daily. Initially, control 
groups were given normal saline, but were found to give the same results 
as untreated animals, which were then used as controls. As with the nu- 
trition experiments, Experiment A was conducted in the spring months 
and Experiment B in a summer period of high temperature and humidity. 
All animals were fed a commercial rabbit ration ad libitum. Individual 
livers were assayed for FDPase as described after varying periods of treat- 
ment. 

Fetal Livers—Does weighing 4 to 5 kilos that had previously delivered 
healthy litters were sacrificed 20 and 29 days after impregnation. Two 
fetuses were removed from each horn of the uterus; the four fetal livers 
and the,maternal liver were removed for assay of FDPase. 


Results 


Unit of Enzyme—The quantity of FDPase is expressed in terms of the 
previously defined unit (2), which is the amount of enzyme that causes the 
release of 1 umole of inorganic phosphate per hour from FDP under the 


conditions of assay (1). 
Effect of Diet—In Table I, both experiments show that the use of fructose 
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or of gelatin as the primary dietary precursor of glucose results in a marked 
increase of the FDPase activity, accompanied by a loss in the activation 
of the enzyme by proteolysis. In Experiment A, in which feeding difficul- 
ties were small, the animals had a nearly constant level of enzyme after 7 
days, accompanied by a recovery of the proteolytic activation. In Ex- 
periment B, the degree of proteolytic activation remained low, but inspec- 


TABLE | 
Effect of Diet on Fructose-1 ,6-diphos phatase 
The means are given with mean deviations. 


Lactate extract KCL extract 

bed 4, 

| 
2| 14 |972 + 2215.2 + 1.2) 73 9 4-20) 

B Control | 3 0 1162 + 26) 4.0 + + 20/153 + 22/149 + 14/1590 + 63 

16 + 19 3.6 + 0.1172 + 20)152 + 14/163 + 20/1430 4 83 

Pek 3 | 23 1149 + 15) 3.8 + 0.4162 + 4/159 + 6181 + 6/1342 + 41 
Gelatin | 4 | 16 |262 + 20) 5.6 + 0.5) 60 + 11/249 + 20 60 + 101538 4+ 82 
ve 4 | 23 }204 + 32) 6.7 + 0.7) 61 + 12/276 + 28) 50 + 15/1395 + 105 
Frue- 4 | 16 |292 + 31) 7.0 + 0.9 81 + 13,281 + 19) 84 + S411 + 156 
«tose 
a 4 | 23 308 + 43) 7.3 + 0.8 93 + 14/207 + 44/106 + 12/1481 + 81 


tion of the record of individual animals, not shown in Table I, revealed 
that the three animals that lost weight (20 to 25 gm.) during the experi- 
ment have the lowest activation in their groups. In the 23 day groups, if 
the animals were ranked 1 to 4 on gain in weight, the corresponding rank 
in proteolytic activation was 1-2-3-4 for the fructose group and 1-4-2-3 for 
the gelatin group. This suggests a recovery of the activation in those 
animals that tolerated the diet best. 

The data also show that the diminished proteolytic activation was not 
the result of a loss of proteases, because the same effects were obtained 
with the KCl extract treated with a constant amount of “activator.”’ 


| | | | 
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Effect of Corttsone—The administration of cortisone caused a large in- 
crease in the total FDPase (Table II) in both experiments. Part of this 
increase was a result of remarkable gains in the size of the livers of the 
treated animals, but, even with this condition, the FDPase concentration 
of the livers rose.? As in the dietary experiments, the rise in enzymatic 
activity was accompanied by a fall in the susceptibility of the enzyme to 


TaBLE II 
Effect of Cortisone Administration on Fructose-1 ,6-diphosphatase 


The means are given with mean deviations. The cortisone acetate was a commer- 
cial preparation (Sharp and Dohme), except with the animals designated with an 
asterisk, with which a mull of the crystalline material in normal saline was employed. 


a Lactate extract KCl extract 

doys| per | waits ter | pur com | | par cons | 

A | O] GO YAP Ot O68 44.8 1.7 

(arti 4 FT OAL AM 7 4 OF 

anne 

7 & & + 7 4+ ha 
sone 

B iControl | 5 | O + od 4.6 + + 24/151 + 41/144 4 24/80.4 + 2.1 

6 (167 + 27) 4.7 + O.8)1438 + 17/165 + 20/156 + 21/28.3 4 3.5 

Corti- Hh; 2 |210 + a 9.9 + 1.0) 83 + 16191 + 40) OL + 12/48.0 + 4.1 
sone 

Corti- 5 | 4 (267 + 7216.3 4+ 62 + 9/243 + 52) 67 + 861.4 + 1.4 
sone 

Corti- 5 | 6 |301 + 36/23.7 + 2.5) 50 + 9/318 + 44/42 + 9/79.6 + 4.1 
sone 


proteolytic activation, and this effect was not a result of alteration in the 
amount of proteases present. The two experiments of Table II were car- 
ried out at about the same time as were the corresponding experiments of 
Table I. Experiment A again showed an indication of recovery of the 
autolytic activation at the later times, but the data from individual ani- 
mals, as well as the mean values, of Experiment B did not support this. 
Comparison of the values from the twelve control animals in the groups of 
Experiment A with those from the nineteen in the groups of Experiment B 


2 The concentration of extractable protein in the livers also rose 12 per cent during 
the treatment with cortisone. 
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shows marked differences in the “normal”? FDPase activity and the degree 
of proteolytic activation between the two series. These differences may be 
a result of seasonal variations, the animals having been reared in outdoor 
cages until less than a month before the start of the experiments. 

Fetal F DPase—Single experiments were made also with fetal livers (Ta- 
ble III). If confirmed, these data show that the low FDPase content of 
the fetal liver, expected because of the absence of glucogenic stress, rises 
as term approaches, and a higher maternal FDPase content appears in 
response to the stress of pregnancy. 


in Fetal Livers 
| betal age | Liver activity Autolytic increase 


per gin 


days | wnils per pin. liver | hady weight percent 

Maternal | | | MO 
| Petal 468456 | 4.44 0.6 | 7 

Maternal | | fied | 


Petal 0.60 | 7.0 ON | 


The level of FD) Vase in the liver unfailingly inereased im response to the 
differing conditions known to cause increased ghicogenesis. Tt could be 
asserted that the mereased level of FDPase at least partially mediates the 
glucogenesis caused by cortisone or by dependence on dietary components 
other than glucose if it were known that FDP is present at reasonable levels 
or if it were otherwise established that the amount of the phosphatase lim- 
its glucogenesis. The ‘normal’ amount of FDPase in the livers of young 
rabbits, as measured by the standard assay, would allow the production 
of up to 50 gm. of glucose per kilo of body weight daily. This amount is 
about 5 times the basal metabolic requirement. Although it is admittedly 
dangerous to extrapolate these measurements tn vitro to the physiological 
state, when allowance is made for the decreased rate owing to low substrate 
concentration, the probable displacement from the high pH optimum of the 
enzyme, and the probable failure of all the liver cells to have equally effec- 
tive access to the portal circulation, then the activity of FDPase comes 
within an order of magnitude sufficiently low to be limiting. The observed 
changes in FDPase activity would then be physiologically effective, and 
this enzyme would be a locus of the glucogenic action of cortisone. 

From previous studies (1, 2, 5), it appears that the proteolytic activation 
is an alteration of an already active enzyme molecule. Unless the liver 


] 
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produces different kinds of FDPase molecules, the data indicate that a part 
of the increase in enzymatic activity arises from an alteration in the pre- 
existing enzyme of the same type as that caused by proteolysis in vitro, es- 
pecially in the earlier responses. Such an alteration would explain the 
lowered proteolytic activation in vitro and would provide a mechanism for 
increasing the activity without a delay for synthesis of additional enzymatic 
protein. If the cathepsins participate in an effect of this type, a new ex- 
planation for their presence will be available. 


SUMMARY 


1. The amount of liver fructose-1 ,6-diphosphatase is increased by feeding 
rabbits with diets low in glucose but rich in protein or in fructose. 

2. A larger increase in the enzyme content is obtained by administration 
of cortisone. 

3. These increases are accompanied by a fall in the extent to which the 
enzyme is activated by proteolysis. 

4. It is suggested that the observed increases represent a physiological 
means of causing increased glucogenesis in response to the stresses imposed, 
and that the early increases are in large part a result of an alteration in the 
enzyme molecule similar or identical to that caused by proteolysis in vitro, 


1 Mokraseh, 1, and MeGiilvery, Wo, Miel Chem, vou (lone) 
Vogell, and Moe tlilvery, Chem , WT, 204 

4. Kunkel, and Vearaon, Nutr, 96, 657 (104), 

4. Oleese, O., Vearaon, and Sparke, Nutr. 89, 98 (1949), 

h. Pogell, B. M., and MeGilvery, R. W., 7. Biol, Chem, 208, 149 (1054). 
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THE SYNTHESIS OF CYTIDINE DIPHOSPHATE CHOLINE, 
CYTIDINE DIPHOSPHATE ETHANOLAMINE, 
AND RELATED COMPOUNDS* 


By EUGENE P. KENNEDY 


(From the Ben May Laboratory for Cancer Research and the Department 
of Biochemistry, University of Chicago, Chicago, Illinois) 


(Received for publication, January 23, 1956) 


The work of Kennedy and Weiss (1-3) has shown that CDP-choline! 
and CDP-ethanolamine are naturally occurring coenzyme forms of P-cho- 
line and P-ethanolamine, and that these nucleotides are precursors of 
lecithin and phosphatidylethanolamine, respectively. This paper will 
describe the synthesis by chemical procedures of CDP-choline, CDP- 
ethanolamine, and some closely related nucleotides, ADP-choline, UDP- 
choline, and GDP-choline. ‘These syntheses have been accomplished by 
the condensation of P-choline or P-ethanolamine with the appropriate 
§’-ribotide in the presence of DCC, 

‘The elegant work of Khorana and his collaborators (4-6) has shown the 
isefulness of DCC as a reagent for the preparation of diesters of pyrophos- 
plore acid, 


‘> 


(1) | | 
OH On OH 


R/NHCONHR’ 


The carbodiimide method is specially suited for the synthesis of nucleo- 
tide pyrophosphates, since no protective groups are needed and the reac- 


* This work was supported by grants from the Nutrition Foundation, Inc., and 
from the American Cancer Society, recommended by the Committee on Growth of 
the National Research Council. 

! The following abbreviations are used in this paper: CDP-choline = cytidine di- 
phosphate choline = P!-cytidine-5’-P?-choline pyrophosphate; CDP-ethanolamine = 
cytidine diphosphate ethanolamine = P'!-cytidine-5’-P?-O-ethanolamine pyrophos- 
phate; ADP-choline = adenosine diphosphate choline = P'!-adenosine-5’-P?-choline 
pyrophosphate; UDP-choline = uridine diphosphate choline = P!-uridine-5’-P?- 
choline pyrophosphate; GDP-choline = guanosine diphosphate choline = P!-gua- 
nosine-5’-P?-choline pyrophosphate; AMP = adenosine-5’-phosphate; CMP = cyti- 
dine-5’-phosphate; UMP = uridine-5’-phosphate; GMP = guanosine-5’-phosphate; 
DCC = N,N’-dicyclohexylearbodiimide; P-choline = phosphorylcholine; P-ethanol- 
amine = phosphorylethanolamine; Tris = tris(hydroxymethy]l)aminomethane. 
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tion can be carried out under mild conditions, such as in aqueous pyridine 
at room temperature. 


Materials and Methods 


Choline-1 ,2-C bromide was purchased from Tracerlab, Inc. Ethanol- 
amine-1 ,2-C™ was the gift of Dr. I. Zabin. P-choline and P-ethanolamine 
were synthesized as previously described (7). 

AMP was a crystalline product of the Ernst Bischoff Company, Ine. 
The CMP used in the first attempts to synthesize CDP-choline was a 
generous gift of the Pabst Laboratories. Larger amounts of CMP, to- 
gether with UMP and GMP, were prepared from ribonucleic acid (Cali- 
fornia Foundation for Biochemical Research) by treatment with the di- 
esterase from the venom of Crotalus adamanteus (Ross Allen Reptile Farm). 
The diesterase was freed of 5’-nucleotidase activity by repeated chroma- 
tography on powdered filter paper by the method of Hurst and Butler (8), 
The mixture of mononucleotides from the ribonucleic acid was separated 
by chromatography on Dowex 1 formate resin by using increasing con- 
centrations of formic acid in the procedure described by Hurlbert et al. 
(9). The nucleotides were eluted in the order reported by these workers, 
and were well separated. Mach band was concentrated to dryness and 
again chromatographed, ‘Vhe products so obtained had the absorption 
spectra of pure CMP, GMP, and UMP, respectively (10), and consisted 
entitely of -nticleotides, as shown by quantitative cleavage with the spe 
of adamanteus venoin, 

was prepared by the tethod of ef af (1b), A pmrtially 
purified nucleotide pyrophosphatase was obtained from potatoes by a 
method based on that of Kornberg and Pricer (12), Carbon, hydrogen, 
and nitrogen analyses were carried out by the MicroTech Laboratories, 
Skokie, Hlinois, total phosphorus being determined by the method of 
Gomori (13). Measurements of absorption spectra were made in a Beck- 
man model DU spectrophotometer, and C'™ determinations by drying small 
aliquots in aluminum cups, which were then counted in a windowless gas 
flow counter under conditions of negligible self-absorption. 


EXPERIMENTAL 


The details of the preparation of CDP-choline will be given to exemplify 
the methods employed. 

120 mg. of CMP (free acid) and 58.7 mg. of P-choline-1 ,2-C" (free acid) 
were dissolved in a mixture of 2 ml. of water and 14 ml. of pyridine in a 
125 ml. Erlenmeyer flask fitted with a ground-glass stopper and an efficient 
magnetic stirrer. To this solution, 3.6 gm. of DCC were added and the 
mixture was stirred at 37° for 2 days, after which a further addition of 1.8 


a & 


ne 


E. P. KENNEDY 187 


gm. of DCC was made and stirring continued for another 2 days. A final 
addition of 1.8 gm. of DCC was then made and the stirring continued for 
3 days more. This prolonged reaction time was found necessary to assure 
complete reaction of the CMP. 

The semisolid reaction mixture was shaken vigorously with 40 ml. of 
water and filtered on a Biichner filter. The crystalline dicyclohexylurea 
was washed with several portions of water on the filter. The turbid 
filtrate was extracted with an equal volume of ether and the ether phase 
discarded. The aqueous phase was freed of traces of ether by warming 


O.D. AT 280 
nN 


| 50) | | 
| 
(OO 
= | 
i 
2 4 6 6 I6 4 6 ZO 
hia Ohromatography on Dower formate of produeta obtained by treating 
CMP with Peeholine 1,2 the presence of DOC Detailea of the ehromatography 


are given in the text. 


to 40° under a jet of air. The pH was adjusted to 8 to 9 by the addition 
of 0.5 nw KOH and the solution diluted with water to a volume of 100 ml. 

The solution was passed over a column of Dowex 1 formate (2 per cent 
cross-linked), 15 em. high and 1 em. in diameter, which was then washed 
with 200 ml. of water in several portions. The adsorbed material was 
eluted with an arrangement of apparatus similar to that described by 
Hurlbert e¢ al. (9). The mixing chamber initially contained 300 ml. of 
water, and the upper reservoir 0.04 Nn formic acid. Three fractions of 
about 15 ml. each were collected per hour with the aid of a fraction collector. 

Each fraction was analyzed for cytidine compounds by measurement of 
the optical density at 280 and 260 my of an aliquot in 0.01 N HCl. Aliquots 
of each fraction were also plated, dried, and counted. The results are 
shown in Fig. 1. A band of radioactive material appears in Tubes 6 to 9 
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inclusive; this is the unchanged P-choline-1,2-C'. A second peak of 
radioactive material appears in Tubes 12 to 16 and is exactly coincidental 
with a cytidine compound as shown by measurement of optical density 
at 280 my; this is CDP-choline. 

The material in Tubes 12 to 16 was concentrated under a vacuum almost 
to dryness, and then frozen and lyophilized. The yield was 80.5 mg., or 
46 per cent of theory based on CMP. 

A small amount of unchanged CMP appears in Tube 17. ‘The expected 
by-product of the reaction, P!, P?-dicytidine-5’-pyrophosphate, may be 
obtained in yields about equal to that of CDP-choline if the elution is 
prolonged for another ten to fifteen fractions. Although it was expected 
that dicholine pyrophosphate would also be formed, this compound has 
not in fact been detected among the reaction products. It may also be 
noted that the P-choline does not react nearly as completely as the CMP. 
The unchanged P-choline in Tubes 6 to 9 may easily be recovered and used 
again. 

Properties of CDP-choline—CDP-choline, prepared in the manner de- 
scribed, is a white, amorphous, somewhat hygroscopic powder. 


CiusHeazNsOiuiP2:3H2O0. Calculated. N 10.31, P 11.4, H 6.13, C 30.94 
(543.47) Found. *€ 10.23, ** 11.2, ** 6.22, ** 31.88 


It dissolves readily in water to form an acidic solution, ‘The absorption 
spectrum in the ultraviolet region 245 my to 300 my is identical with that 
of highly purified CMP. ‘The millimolar extinetion coethicient of CDP 
choline in at 280 mp is 15.7, based on absorbaney per 
atoms of total Under ideitioal conditions, has 
extinetion coeicient of Phe ratio for choline ia 
while that for COMP is 2.15 

Rechromatography of the CDP choline on Dowex formate, with either 
O04 formie acid in the upper reservoir or 0.2 M ammonium formate at 
pli 0.4, failed to reveal any significant contamination. When chromato. 
graphed on paper in two different solvents, CDP-choline migrated as a 
single spot containing all the radioactivity and ultraviolet. absorbancy 
(Table I). 

CDP-choline is quantitatively adsorbed on charcoal (Norit) A) under 
conditions in which P-choline is not absorbed at all. This affords a con- 
venient method for estimating the possible degree of contamination of the 
CDP-choline with P-choline. When 0.20 umole of CDP-choline (10,160 
c.p.m.) was shaken with an aqueous suspension of 30 mg. of Norit A at 
neutral pH and then centrifuged, only 72 counts remained in the super- 
natant solution. Under these conditions, radioactive P-choline could be 
recovered quantitatively in the supernatant solution. Thus it may be 
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TABLE I 
Rr Values of CDP-choline and Related Compounds 
Solvent System 1 was 0.02 N acetic acid in 60 per cent ethanol; Solvent System 2 
was 0.25 m Tris-HCl buffer of pH 8.0 in 50 per cent ethanol. Ascending chromato- 
grams were run with Whatman No. 43 paper. 


Compound Solvent System 1 Solvent System 2 
Dicytidine-5’-pyrophosphate................ 0.21 0.55 

2 
i} 

iO 20 30 AO 


MINUTES 


Fig. 2. 1.0 ymole of CDP-choline-1,2-C™ (8000 e.p.m. per umole) was hydrolyzed 
in 0.5 ml. of 1.0 n sulfuric acid for the times shown, and then treated with 30 mg. of 
Norit A suspended in 3.0 ml. of water. The unhydrolyzed CDP-choline was quanti- 
tatively absorbed on the charcoal, which was removed by centrifugation. An aliquot 
of the supernatant solution was exactly neutralized with barium hydroxide and the 
barium sulfate was removed by centrifugation. The radioactive P-choline in the 
supernatant solution was then estimated by plating and counting an aliquot. The 
recovery of radioactive P-choline from control tubes carried through the entire pro- 
cedure, but to which no CDP-choline was added, was shown to be quantitative. 
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calculated that the maximal contamination of CDP-choline with P-choline 
is 0.7 per cent. 

Acid Hydrolysis of CDP-choline—When CDP-choline is hydrolyzed in 
mineral acid (Fig. 2), cleavage occurs at the pyrophosphate linkage, liberat- 
ing CMP and P-choline, which undergo further hydrolysis only slowly. 


SPLIT (PERCENT) 


be SPLIT 


MINUTES 

Via, 3, Cleavage of CDP choline by nucleotide pyrophosphatase, Mach tube 
contained LO pmole of CDP choline (4100 per pmole), 50 pimoles of 
Tria buffer of pI 7.4, and 0.2 ml, of potato nucleotide pyrophosphatase in a total 
volume of LO ml, The tubes were inoubated at 47° for the time intervala shown. 
A suspension of 30mg. of Norit Ain 4.0 ml, of water waa than added, and the unhy 
drolyzed CDP-choline waa quantitatively absorbed on the charcoal, ‘The charcoal 
wan removed by centrifugation, and the P-choline-1,2-C"™ in the supernatant solu- 
tion was estimated by counting an aliquot. 


After 40 minutes in 1.0 N sulfuric acid at 100°, only 7.5 per cent of the total 
phosphorus has been converted to inorganic orthophosphate. The pyro- 
phosphate linkage of CDP-choline is somewhat more resistant to acid than 
the pyrophosphate linkages of ATP. About 18 minutes in 1.0 N sulfuric 
acid at 100° are required to bring about a 50 per cent hydrolysis (Fig. 2). 

Enzymatic Hydrolysis of CDP-choline—CDP-choline is not attacked by 
the phosphomonoesterase of human semen nor by the 5’-nucleotidase of 
C. adamanteus. It is rapidly cleaved by the nucleotide pyrophosphatase 
of potatoes (Fig. 3). 
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CDP-ethanolamine, ADP-choline, UDP-choline, and GDP-choline—CDP- 
ethanolamine was made from CMP and phosphorylethanolamine-1 ,2-C 
by a method analogous to that used for CDP-choline. The yield of CDP- 
ethanolamine was smaller (10 to 20 per cent based on CMP). 

ADP-choline, UDP-choline, and GDP-choline were synthesized from the 
corresponding 5’-ribotides and phosphorylcholine-1,2-C™ in satisfactory 
yield (30 to 40 per cent). 

These compounds have not been isolated in substance but as chromato- 
graphic fractions, the identity and purity of which have been established 
by the following criteria: (a) absorption spectra in the region 250 to 300 
my; (b) ratio of choline or ethanolamine (based on content of C'*) to purine 
or pyrimidine (based on measurement of optical density); (c) content of 
total N and P; (d) homogeneity when rechromatographed on ion exchange 
resins and on paper (Table I). 


SUMMARY 


The following compounds have been synthesized by treating phosphoryl- 
choline or phosphorylethanolamine with the appropriate 5’-ribotide in the 
presence of N ,N’-dicyclohexylcarbodiimide: cytidine diphosphate choline, 
cytidine diphosphate ethanolamine, adenosine diphosphate choline, uridine 
diphosphate choline, and guanosine diphosphate choline. ‘The properties 
of cytidine diphosphate choline are described in detail. 
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In 1952, Kornberg and Pricer (1) reported in a preliminary communica- 
tion that P-choline! labeled with P®? and C™ was converted by liver enzymes 
to a lipide which was not further characterized. The ratio of P® to C 
in the product was closely similar to that of the labeled P-choline, suggest- 
ing incorporation of both phosphorus and choline as an intact unit into a 
phospholipide, presumably lecithin. The following reaction mechanism 
was suggested (2, 3) as a possible explanation for these results: 


(1) Phosphatidic acid + phosphorylcholine-P*? — lecithin-P*? + P, 


Rodbell and Hanahan (4) have studied the incorporation of P-choline 
into the lipides of isolated mitochondria from the liver of the guinea pig. 
These workers identified the product of the enzymatic reaction as lecithin, 
but their results cast little light on possible intermediates. 

Although no definite information is available on this point, it appears 
that a reaction such as Equation 1 should be readily reversible and a phos- 
phorolytic cleavage of lecithin should occur, as a result of which inorganic 
phosphate labeled with P® should be incorporated into phosphatidic acids. 
Work in this laboratory on the enzymatic incorporation of P,* into phos- 
pholipides failed to reveal such a reaction, Accordingly, it was decided to 
investigate the conversion of P-choline to lecithin more closely in an effort 
lo learn the true mechanism of the reaction, 


*Aided by grants from the Nutrition Foundation, Ine., and trom the American 
Cancer Mooiely, recommended by the Committees on Growth of the National esearch 

| Voatdootoral Fellow of the American Heart Association, 

''The following abbrevintiona will be used in thia paper: Pocholine = phosphoryl 
choline; Peethanolamine phoaphorylethanolamine; ATR = adenosine triphos. 
phate; UTP = uridine 5’ -triphoaphate,; GDP = guanosine 5’ -diphosaphate; ITP = 
inosine triphosphate; CTP = cytidine 5’-triphosphate; CDP -choline cytidine di- 
phosphate choline; CDP-ethanolamine = cytidine diphosphate ethanolamine; UDP- 
choline = uridine diphosphate choline; GDP-choline = guanosine diphosphate 
choline; Tris = tris(hydroxymethyl)aminomethane; CoA = coenzyme A; CMP = 
cytidine-5’-monophosphate; AMP = adenosine-5'-monophosphate; Versene = ethyl- 
enediaminetetraacetate; P; = inorganic orthophosphate; P-O-P = inorganic pyro- 
phosphate. 
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In the course of this investigation, a new type of coenzyme, of which the 
novel compounds cytidine diphosphate choline and cytidine diphosphate 
ethanolamine are examples, has been found to play an essential réle in 
the biosynthesis of phospholipides. This paper will describe the enzymatic 
synthesis of cytidine diphosphate choline and cytidine diphosphate ethanol- 
amine, the isolation of these compounds from liver and yeast, and their 
function in the biosynthesis of lecithin and phosphatidylethanolamine. 

In 1954, Kennedy (5, 6) reported the incorporation of free choline into 
the lipides of mitochondria by a pathway not involving P-choline, but 
requiring ATP and CoA. The enzymatically synthesized lipide was identi- 
fied as lecithin principally by a procedure which involved the isolation by 
chromatographic methods of a highly purified lecithin fraction containing 
alkali-labile radioactive choline. Later work? has shown that this identifi- 
cation was erroneous. The actual product is a lipide difficult to distin- 
guish from lecithin by chromatography on alumina, but separable from 
lecithin on cation exchange resins. It does not contain phosphorus. The 
suggestion that a separate enzymatic pathway exists for the conversion of 
free choline into lecithin must therefore be withdrawn. The reactions to 
be described in the present paper represent the only route for the enzymatic 
synthesis of phospholipides known at present. 

A preliminary account of some aspects of this work has been published 


(7). 
Materials and Methods 


A mitochondrial fraction was prepared from the livers of normal adult al- 
bino rats by the following procedure. The livers were quickly removed 
from rats killed by decapitation and homogenized in 5 volumes of ice-cold 
0.25 m sucrose containing 0.001 M Versene, in a glass homogenizer of the 
Potter-Elvehjem type. Nuclei, debris, and whole cells were removed by 
centrifugation for 5 minutes at 500 & gat 0°. The mitochondrial fraction 
was then obtained by centrifugation at 18,000 * g for 20 minutes at 0°, 
the high speed head of an International refrigerated centrifuge being used, 
and was washed twice with the sucrose-Versene solution, and finally sus- 
pended in sucrose Versene or water just prior to use, Since it in now recog: 
nized that ‘mitochondria’ prepared by conventional procedures of differen. 
contoifugation may represent a range of eyloplasme granules of varying 
chemical and biochemical properties (26, 27), this preparation will be de: 
seribed simply as rat liver particles, 

The acid phosphatase of human semen was prepared from semen which 
had been stored at —15° for many months. After thawing, the seminal 


2. P. Kennedy, unpublished experiments. 
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plasma was clarified by centrifugation and the protein was precipitated 
by saturation with ammonium sulfate. The precipitate was removed by 
centrifugation and dissolved in water (about one-tenth of the volume of 
the original semen). ‘The enzyme solution was dialyzed against distilled 
water and then stored at —15°. 

Egg lecithin was purified by chromatography on alumina by the method 
of Hanahan, Turner, and Jayko (8). A mixture of D-a,6-diglycerides was 
prepared from this egg lecithin by the action of the lecithinase D present 
in Clostridium perfringens type A toxin (9), which was the gift of Dr. 
H. D. Piersma of the Lederle Laboratories. 

Details of the methods for separation of labeled lipides from the enzyme 
incubation mixture and for the quantitative removal of unchanged labeled 
substrate have been described by Kennedy (10). In the experiments re- 
ported in this paper, carbon tetrachloride rather than ethyl acetate was 
used when equilibrating the lipide extracts against aqueous buffer. Ali- 
quots of the carbon tetrachloride solution of phospholipides, completely 
freed of water-soluble radioactive contaminants, were dried in aluminum 
dishes and counted in a windowless gas flow counter under conditions of 
negligible self-absorption. ‘The effectiveness of the equilibration proced- 
ures was tested by “zero time” controls, in which the trichloroacetic acid 
was added prior to the enzyme. 

Choline-1 ,2-C'* bromide was purchased from Tracerlab, Inc. Ethanol- 
amine-1 ,2-C™ was the gift of Dr. 1. Zabin. P-choline and P-ethanolamine 
were synthesized by a variation of the method of Plimmer and Burch (11). 
Dipalmitoyl-L-a-glycerophosphoric acid was the gift of Professor E. Baer. 

The nucleotides used in this work were products of the Pabst Labora- 
tories, except for the GDP, which was the gift of Dr. D. Sanadi. The 
amorphous ATP preparation (lot No. 116) was about 95 per cent pure. 
The crystallized ATP (lot No. 122) was a highly purified product in which 
no CTP could be detected. The authors wish to express their gratitude 
to Dr. S. Morell, Dr. A. Frieden, and Dr. 8. Lipton of the Pabst Labora- 
tories for generous gifts of several of these nucleotides, 

Chromatographic Procedures--Chromatography on Dowex 1 formate 
(2 per cent cross-linked) ion exchange resin was carried out with an ap- 
paratua aimilar to that described by Burch, Hurlbert, and Potter (12). 
The mixing chamber initially contamed 300 mil, of distilled water, ‘The 
upper reservoir contained either 0.04 N formic acid (formic neid ayatem) 
or 0.2 N formic acid adjusted to pH 9.4 by the addition of concentrated 
ammonium hydroxide (ammonium formate system). Paper chromatog- 
raphy was carried out with the solvents previously described (13). 

Other materials and methods were described in previous publications 
(10, 13). 
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EXPERIMENTAL 


Enzymatic Incorporation of P-choline into Lecithin—When homogenates 
of rat liver were incubated with P-choline-P® in the presence of MgCl,, 
phosphate buffer, and a preparation of amorphous ATP (Pabst lot No. 
116), a considerable incorporation of radioactivity into phospholipide took 
place. In confirmation of the work of Kornberg and Pricer (1) and of 
Rodbell and Hanahan (4), it was found that P-choline-1 ,2-C" was incorpo- 
rated at a rate identical with that of P-choline-P*, suggesting that P-choline 
is incorporated as a unit into the phospholipide structure. 


TABLE I 
Incorporation of P-choline-P*® into Lecithin in Subcellular Fractions of Rat Liver 
P-choline 
Tube No. — rated 
ipide 
myumoles 
1 Whole acid added 5.8 
2 omitted 6.3 
3 Particles, phosphatidic acid added 20.0 
4 ‘* omitted 18.5 
5 acid added 2.7 
6 “ omitted 2.6 


Each tube contained 20 ymoles of MgCl:, 100 uwmoles of phosphate buffer of pH 
7.4, 10 ymoles of P-choline-P* (34,500 c.p.m. per micromole), and enzyme derived 
from approximately 0.2 gm. wet weight of rat liver. 10 wmoles of amorphous ATP 
(lot No. 116) were added at the beginning of the experiment, and 1.0 wmole was 
added every 10 minutes during the course of the reaction. 0.20 umole of synthetic 
dipalmitoyl-L-a-glycerophosphate was added as indicated. The final volume of 
the system was 2.0ml. The tubes were incubated at 37° for 1 hour. 


Further experiments revealed that the particulate fraction of rat liver 
was considerably more active in the incorporation of P-choline into lipide 
than the equivalent amount of whole homogenate from which the particles 
were derived (Table I). For this reason, isolated particles or enzymes 
derived from particles were used in most subsequent experiments. 

The addition of synthetic phosphatidic acid was without effect on the 
enzyme system. 

Identification of Radioactive Product As Lecithin—In the experiments of 
Kornberg and Pricer (1), the product derived from P-choline was shown to 
be a lipide and to contain P* and C" in a ratio closely similar to that of the 
original labeled P-choline, but was not further identified. Rodbell and 
Hanahan (4) have offered evidence that the lipide enzymatically produced 
from P-choline is lecithin. ‘Their identification was based on the isolation 
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of a highly purified radioactive lecithin by chromatography on alumina. 
These results were confirmed in the present investigation. Since P-choline 
is incorporated as a unit, the possibility that the actual product might be 
the phosphorus-free lipide observed by Kennedy’ to chromatograph with 
lecithin was excluded. Nevertheless, it was felt desirable to obtain addi- 
tional proof that the product derived from P-choline was in fact lecithin. 
This was provided by the isolation of a water-soluble derivative, L-a-glyc- 
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Fic. 1. Incorporation of P-choline-P* at various pH values. Each tube con- 
tained 20 uymoles of MgCl., 5 umoles of P-choline-P*? (109,000 c.p.m. per micromole), 
10 umoles of ATP (lot No. 116), 1.0 ml. of rat liver particles, and 100 umoles of an 
equimolar mixture of phosphate and Tris. The final volume of the system was 2.0 
ml. The pH of the Tris-phosphate buffer was varied to give the pH values shown, 
which were measured with a glass electrode after the addition of all reaction compo- 
nents. The tubes were incubated for 1 hour at 37°. 

Fic. 2. The conditions of the enzyme assay were identical with those shown in 
Fig. 1, except that phosphate buffer of pH 7.4 was used and the added divalent ca- 
tion concentration varied as indicated. | 


erophosphorylcholine, from the labeled lipide after mild hydrolysis by the 
method of Dawson (14). In this procedure, after selective hydrolysis of 
fatty acids, the water-soluble derivatives of the glycerophosphatides are 
separated by chromatography on paper. ‘The labeled lipide yielded a 
single radioactive spot, fy» = 0.84 in the phenol-ammonia solvent of Daw- 
son (14), identical with the Ry of an authentic sample of L-a-glycerophos- 
phorylcholine and closely similar to the value of 0.88 reported by Dawson. 

Optimal pH for Incorporation of P-choline into Lecithin--When the pH 
of the enzymatic reaction mixture was varied over a considerable range 
(lig. 1), the highest incorporation of P-choline took place in the range 
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6.5 to 7.5. The activity of the enzyme system fell off rapidly at pH values 
below 6 and above 8. 

Requirement for Divalent Cation—The enzymatic conversion of P-choline 
to lecithin requires the presence of added divalent cations. Manganese 
is somewhat more effective than magnesium at low concentration in this 
system, but at higher concentrations it becomes inhibitory (Fig. 2). Cal- 
cium is unable to activate the enzyme system; in fact, low concentrations 
(0.001 m) of calcium ion are inhibitory, even in the presence of optimal 
amounts of magnesium ion. A similar effect of calcium and barium ions 
has been reported by Rodbell and Hanahan (4). 


TABLE II 
Requirement of Amorphous ATP for Incorporation of P-choline-P** into Lecithin 


P-choline incorporated 


Vessel No. Energy source into lecithin 
mumoles 
1 Amorphous ATP 20.6 
2 Succinate + AMP 0.3 


Each vessel contained 20 wzmoles of MgCl2, 100 umoles of phosphate buffer of pH 
7.4, 10 umoles of P-choline-P* (27,500 c.p.m. per micromole), and 1.0 ml. of a sus- 
pension of freshly prepared rat liver particles. In the vessels containing amor- 
phous ATP, 10 wmoles of ATP (lot No. 116) were added at the start of the experi- 
ment, and 1.0 umole every 10 minutes during the course of the reaction. To the 
other vessels, 100 umoles of sodium succinate + 2 wmoles of AMP were added. The 
final volume of the system was 2.0ml. The reaction was carried out in 20 ml. beak- 
ers, which were shaken for 1 hour at 37° in a Dubnoff apparatus. 


Cofactor Requirement for Conversion of P-choline to Lecithin—No enzy- 
matic conversion of P-choline to lecithin could be observed in experi- 
ments with rat liver particles unless ATP (amorphous preparation, Pabst 
lot No. 116) was added as cofactor. When it was attempted to replace 
the added ATP with crystalline AMP and an oxidizable substrate (suc- 
cinate), which could then generate ATP by coupled oxidative phosphoryla- 
tion 7m situ, no incorporation of P-choline to lecithin took place (Table IT). 
This result was surprising, since earlier work (10) had indicated that coupled 
oxidative phosphorylation is effective in maintaining a source of metabolic 
energy for the incorporation of P;*®? into phosphatidic acids. It could be 
demonstrated in control experiments that the oxidative phosphorylation 
of AMP to ATP was indeed taking place in these experiments. 

These results indicated that the actual reaction mechanism by which 
P-choline is converted to lecithin must be more complex than indicated 
in Reaction 1, 

Réle of CUP in Conversion of Pecholine to Lecithin When a crystallized 
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preparation of ATP (lot No. 122) was substituted for the amorphous ATP 
used in the earlier experiments, no conversion of P-choline to lecithin could 
be detected. The identity and purity of the ATP lot No. 122 were estab- 
lished by a number of chromatographic, analytical, and enzymatic tests. 
It was also shown that the ATP lot No. 122 did not contain inhibitors of 
the enzyme system. It was therefore concluded that some cofactor other 
than ATP, present in trace amounts in the amorphous ATP lot No. 116, 
was necessary for the conversion of P-choline to lecithin. 


TABLE III 
Cofactor Requirement for Incorporation of P-choline-P*®* into Lecithin 
P-choline 
Tube No. Cofactor added incorporated 
into lecithin 
mumoles 
1 5 umoles ATP (Lot 116) 5.1 
2 333) 0.2 
3 122) + 0.5 umole ITP 0.0 
4 122) +0.5 UTP 0.4 
5 122) ‘ GDP 0.4 
6 122) +05 $‘“ CTP 15.0 
7 122) +05 2.5 ymoles 6.8 
P-O-P 
8 5 upmoles ATP (Lot 122) + 0.1 umole CTP 10.0 
10 122) + 0.1 CMP 1.1 
11 0.5 umole CTP (no ATP) 8.0 


Each tube contained 10 umoles of MgCl:, 50 uwmoles of phosphate buffer of pH 
7.4,3 wmoles of P-choline-P*? (113,500 c.p.m. per micromole), and 0.25 ml. of a 10 per 
cent suspension of lyophilized rat liver particles in a final volume of 1.0 ml. Other 
cofactors were added as indicated. The tubes were incubated for 1 hour at 37°. 


This conclusion also offered an explanation for the experiments in which 
ATP, formed in situ from crystalline AMP by oxidative phosphorylation, 
was ineffective in supporting the conversion of P-choline to lecithin. The 
AMP used in these experiments was evidently free of the unidentified co- 
factor present in ATP lot No. 116. 

A number of nucleotides were tested for the ability to replace amorphous 
A'TP in the conversion of P-choline to lecithin. ‘The results of one such 
experiment are presented in ‘Table III. No significant activity was ex- 
hibited by ATP, ITP, UTP, or GDP. It is likely that GDP is at least 
partially converted to GTP in this system by the action of nucleoside di- 
phosphokinase (15), However, CTP was found to be much more active 
than the amorphous ATP. Tt can be seen from the data in Table TID that 
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0.05 umole of CTP plus 5 umoles of crystallized ATP is somewhat more 
effective in promoting the conversion of P-choline to lecithin than 5 umoles 
of amorphous ATP, from which it may be concluded that the activity of 
the amorphous material is due to the presence of less than 1 per cent of 
CTP as a contaminant. 

A slight activating effect is shown by CMP when tested in the presence 
of ATP. This is due to phosphorylation of the CMP to CTP, as evidenced 
by the fact that CMP is without activity when tested in the absence of 
ATP in experiments not shown in Table III. This finding is consistent 
with the observation that crystallized ATP, completely ineffective in itself, 
enhances the stimulatory effect of CTP (Table IV), most probably by 
phosphorylating CMP and CDP to CTP. 

Function of Cytidine Coenzymes in Biosynthesis of Lecithin—The dis- 
covery of the requirement of CTP for conversion of P-choline to lecithin 
is the first demonstration of a specific réle of a cytidine nucleotide in a 
major metabolic reaction. In Fig. 3 is a simplified scheme postulated to 
explain the réle of cytidine nucleotides in the biosynthesis of lecithin. 

The essential feature of this scheme is the intermediate formation of the 
novel compound cytidine diphosphate choline (Fig. 4). The phosphate 
monoester group of P-choline is converted to a pyrophosphate in the nu- 


(a) CYTIDINE-O-P-O-P-O-P + P32-0-CHOLINE == 
CYTIDINE -O-P -O-P32-O0-CHOLINE + P-O-P 


(b) 
R-C-O-CH + CYT -O-P-O-P32-0-CHOLINE === 


fe) 


R-C-O-CH 
HC -O-P32-0-CHOLINE + CYT-O-P 


Fic. 3. The function of cytidine nucleotides in the biosynthesis of lecithin 


NH5 
N 
ON CH>-O-P-O-P-O (CHa) 
O 


CYTIDINE DIPHOSPHATE CHOLINE 
hia, 4, The structure of cytidine diphosphate choline 


HC-OH 
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cleotide CDP-choline, and is “activated” for a subsequent reaction in which 
the P-choline moiety is transferred to the free hydroxyl group of a p-a,£- 
diglyceride. The CMP which is released may then be rephosphorylated 
to CTP at the expense of ATP in reactions catalyzed by enzymes (15), 
which are known to have wide-spread occurrence. The cytidine nucleotide 
thus may act in a continuous catalytic fashion, carrying out a group trans- 
fer reaction during the course of which the substrate, P-choline, is built 
into the structure of the coenzyme itself. 


O 


HOLINE 


CDP-CHOLINE 


pM X p-c 


CTP + P-CHOLINE 
60 


Fic. 5. The enzymatic conversion of synthetic cytidine diphosphate choline to 
lecithin. Each tube contained 40 wzmoles of MgCl:, 100 umoles of Tris buffer of pH 
7.4, 20 umoles of cysteine, 100 umoles of KF, and 0.6 ml. of a suspension of rat liver 
particles in a final volume of 2.0 ml. Varying amounts of CDP-choline (58,000 
¢.p.m. per micromole) were added as shown. In the control curve, identical amounts 
of CTP + P-choline-1,2-C (58,000 c.p.m. per micromole) were added. Incubation 
was for 90 minutes at 37°. 


Three principal lines of experimental evidence have been obtained which 
offer proof of the formulation shown in Fig. 3. First, highly purified syn- 
thetic CDP-choline and CDP-ethanolamine are enzymatically converted 
to lecithin and phosphatidylethanolamine, respectively, at rapid rates and 
in high yield. Secondly, CDP-choline and CDP-ethanolamine are natu- 
rally occurring nucleotides, which have been isolated from the liver of the 
rat and the hen, and also from yeast. Finally, enzymes have been found 
widely distributed in nature which catalyze the reactions shown in Fig. 3. 

Enzymatic Conversion of Synthetic CDP-choline to Lecithin—The postu- 
lated scheme requires that CDP-choline should be converted to lecithin in 
the particles enzyme system at a rate at least equal to that of P-choline 
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plus CTP. The availability of pure synthetic CDP-choline, prepared 
from P-choline-1 ,2-C™ by the carbodiimide method (13), made it possible 
to test this point directly. When labeled CDP-choline was incubated with 
rat liver particles, MgCle, and buffer, the P-choline moiety was rapidly con- 
verted to lecithin (Fig. 5). 

It should be noted that the yield of radioactive lecithin from labeled 
CDP-choline is high (50 to 60 per cent), which strongly suggests that the 
P-choline of CDP-choline is a direct precursor of the corresponding por- 
tion of the lecithin molecule. 

The rate and extent of conversion of CDP-choline to lecithin is much 
greater than that observed with identical amounts of P-choline plus CTP 
or CMP, a finding which precludes the possibility that CDP-choline is first 


TABLE IV 


Isotope Dilution Effect of Unlabeled CDP-choline on Incorporation of 
P-choline into Lecithin 


Radioactivity incorporated 
into lecithin, total counts 


No CDP-choline added 645 
1.0 pmole CDP-choline added 17 


Each tube contained 5 uymoles of P-choline-1,2-C'* (50,000 c.p.m. per micromole), 
0.2 umole of CTP, 10 umoles of ATP (lot No. 122), 50 wmoles of Tris, pH 7.4, 30 
umoles of KF, and 0.5 ml. of a suspension of rat liver particles. The incubation 
was for 1 hour at 37°. 


hydrolyzed and the breakdown products subsequently incorporated into 
lecithin. 

Isotope Dilution Effect of Unlabeled CDP-choline—lf CDP-choline is an 
obligate intermediate in the reaction sequence by which labeled P-choline 
is converted to lecithin, then the addition of unlabeled CDP-choline to the 
reaction mixture should lower the specific activity of the enzymatically 
generated CDP-choline, and thereby depress the incorporation of radio- 
activity into lecithin. The experiment in Table IV indicates that the ex- 
pected isotope dilution effect does occur, supporting the conclusion that 
CDP-choline is an obligate intermediate in the conversion of P-choline to 
lecithin. 

Enzymatic Conversion of Synthetic CDP-ethanolamine to Phosphatidyl- 
ethanolamine—The reaction sequence postulated for the biosynthesis of 
lecithin may, in theory, be readily applied to the biosynthesis of glycero- 
phosphatides in general. The biosynthesis of phosphatidylethanolamine 
would be expected to involve the intermediary formation of cytidine di- 
phosphate ethanolamine, a compound of structure identical with that of 
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CDP-choline (Fig. 4), except that ethanolamine replaces the choline portion 
of the molecule. 

Accordingly, CDP-ethanolamine was prepared from P-ethanolamine-P 
by the carbodiimide procedure (13) and tested for the ability to act as a 
precursor of phosphatidylethanolamine. The results of one such experi- 
ment are summarized in Table V. It can be seen that the P-ethanolamine 
portion of CDP-ethanolamine is converted to phosphatidylethanolamine 
by whole homogenates of rat liver in a yield of about 38 per cent, in a 
reaction analogous to the formation of lecithin from CDP-choline. When, 
however, use is made of a preparation of lyophilized isolated particles, 
which converts CDP-choline to lecithin in good yield, only a slight conver- 


TABLE V 
Conversion of CDP-choline and CDP-ethanolamine to Phospholipides 
Radioactivity 
Experiment 

No. 

1 Whole homogenate, CDP-choline 1485 

CDP-ethanolamine 864 

2 Lyophilized particles, CDP-choline 1065 

CDP-ethanolamine 75 


Each tube contained 10 pmoles of MgCl2, 50 umoles of phosphate buffer of pH 7.4, 
and 0.5 ml. of either a suspension of lyophilized particles from rat liver or fresh 
whole homogenate of rat liver. 20 mumoles of CDP-choline labeled with P-choline- 
1,2-C (100,000 c.p.m. per micromole) or 20 mumoles of CDP-ethanolamine labeled 
with P-ethanolamine-P*®? (113,000 c.p.m. per micromole) were added in the tubes 
indicated. The final volume of the system was 1.0 ml. The tubes were incubated 
at 37° for 1 hour. 


sion of CDP-ethanolamine to phosphatidylethanolamine is noted. On 
the basis of this and other evidence, it appears probable that separate en- 
zymes are required for the formation of lecithin and of phosphatidyl- 
ethanolamine. 

The possibility was amaies that the CDP-ethanolamine may be 
enzymatically converted to CDP-choline before being incorporated into 
phospholipide. This is not the case, since, after hydrolysis of the enzy- 
matically labeled lipide by the procedure of Dawson (14), glycerophos- 
phorylethanolamine was the only labeled product found. The glycero- 
phosphorylcholine had no detectable radioactivity. 

It is to be expected by analogy that CDP-serine might be a precursor of 
phosphatidylserine. It has not yet been possible to synthesize CDP- 
serine by the carbodiimide procedure, since the unprotected amino and 
carboxyl groups of P-serine participate in side reactions leading to a com- 
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plex mixture of products. It should be possible to synthesize this com- 
pound after suitably protecting these functional groups. 

Isolation of CDP-choline and CDP-ethanolamine from Liver and Y ecast— 
Detectable steady state levels of CDP-choline and CDP-ethanolamine 
must exist in tissues such as liver which are carrying out an active synthesis 
of phospholipide, if these compounds are precursors of lecithin and phos- 
phatidylethanolamine in vivo. A determination of the concentration of 
CDP-choline and CDP-ethanolamine in rat liver was made by the following 
procedure. 

Adult female albino rats were decapitated, and the livers removed as 
quickly as possible and homogenized at once in 10 volumes of 66 per cent 
ethanol in a Waring blendor at room temperature. A total of 58.9 gm. of 
rat liver was extracted in this manner, and the extract was clarified by 
centrifugation. The precipitate was washed twice with a total volume of 
200 ml. of 66 per cent ethanol. Small amounts of labeled CDP-choline 
(0.16 umole, 16,600 c.p.m.) and CDP-ethanolamine (0.30 umole, 17,400 
c.p.m.) were added to the combined extract and washes. The solution 
was concentrated to about 250 ml. and extracted with an equal volume of 
ether. ‘The ether phase was discarded, traces of ether being removed from 
the aqueous phase by warming slightly under a jet of air. The pH of the 
solution was adjusted to 8 to 9 with 0.5 n KOH, and the solution passed 
over a column of Dowex 1 formate (20 cm. high) and chromatographed by 
using the formic acid system. 

Fractions of 11.4 ml. each were collected. The radioactivity was re- 
covered as a single peak in Tubes 21 to 26. No separation of CDP-choline 
and CDP-ethanolamine was achieved in this system. The material in 
Tubes 21 to 26 was pooled, neutralized, and rechromatographed by using 
the ammonium formate system. The volume of each fraction was 16 ml. 
CDP-choline was recovered in Tubes 6 to 8 and CDP-ethanolamine in 
Tubes 13 to 19. An unidentified non-radioactive cytidine compound 
(CDP-X) with 2 atoms of P per mole of cytosine appeared in Tubes 20 to 
25. 

The isolated nucleotides had the spectrum of pure cytidine compounds. 
The peaks of radioactivity, due to the small amount of added synthetic 
radioactive CDP-choline and CDP-ethanolamine, and of absorbancy at 
280 u, due almost entirely to the liver nucleotides, were exactly coincident. 
The specific activity of successive tubes in each band was constant, indi- 
cating the identity and purity of the isolated compounds. 

From the specific activity of the added and the reisolated CDP-choline 
and CDP-ethanolamine, the concentrations of these nucleotides in rat liver 
may be calculated (Table VI). 

The concentrations of CDP-choline and CDP-ethanolamine in rat liver 
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are sufficiently high so that they may be easily detected without the aid 
of isotope tracer techniques. Hecht and Potter,’ in an analysis of the 
nucleotides of rat liver, using chromatography on Dowex 1 formate, ob- 
served the presence of cytidine nucleotides which are eluted with dilute 
formic acid more rapidly than CMP. ‘These compounds were found to pos- 
sess 2 atoms of P per mole of cytosine but were not further identified. It 
is probable that CDP-choline and CDP-ethanolamine are present in these 
fractions. 

Hevesy and Hahn (16) have shown that the phospholipides of the hen’s 
egg are not synthesized in the ovary, but in the liver. The liver of a laying 
hen must therefore be carrying out a considerable net synthesis of phos- 
pholipides, and it was of interest to determine the concentration of CDP- 


TaBLe VI 
Concentration of CDP-choline and CDP-ethanolamine in Liver of Rat and Hen 


Specific activity 
Experiment | oo Amount per 100 
No. gm. wet liver 
Added _ Recovered 
1 | Rat, CDP-choline 104,000 | 2600 | 10.4 
 CDP-ethanolamine 58 , 000 | 5160 5.3 
Hen, CDP-choline 50,000 2640 63.0 
|  CDP-ethanolamine 58,000 1566 36.0 


Details of the experiment with rat liver are given in the text. In the experiment 
with hen liver, 1.7 wmoles of CDP-choline and 0.50 umole of CDP-ethanolamine of 
the specific activities shown were added to the extract derived from 49 gm. of liver. 


choline and CDP-ethanolamine in this tissue. ‘The levels of these nucleo- 
tides in the liver of the laying hen were found to be about 6 times higher 
than in the liver of the rat (Table VI). Although a firm conclusion cannot 
be drawn from the scanty data available, this finding is consistent with the 
view that the content of CDP-choline and CDP-ethanolamine is high in 
tissues which are carrying out the biosynthesis of phospholipides at rapid 
rates. 

CDP-choline and CDP-ethanolamine have also been detected in a prep- 
aration of crude nucleotides from brewers’ yeast (Pabst lot No. X-54). 
More recently a crystalline nucleotide has been isolated in considerable 
quantity from yeast by workers at the Sigma Chemical Company. This 
compound has been conclusively identified as CDP-choline by Dr. I. Lieber- 
man. Samples of pure synthetic CDP-choline and of the crystalline sub- 


3 Personal communication. 
‘Dr. I. Lieberman, personal communication. 
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stance isolated from yeast have been compared in detail both by Lieberman 
and in our own laboratory. The compounds are identical in chromatog- 
raphy on ion exchange resins, on paper in several different solvent systems, 
and in behavior in isolated enzyme systems. 

Enzymatic Synthesis of CDP-choline and CDP-ethanolamine—Enzymes 
have been found widely distributed in nature which catalyze Reaction a, 
Fig. 3, and also the reaction 


(2) CTP + P-ethanolamine = CDP-ethanolamine + P-O-P 


In the terminology proposed by Kalckar and Klenow (3), these enzymes 
may be described as cytidyl transferases. Separate enzymes appear to be 
required for these reactions; it is proposed to refer to the enzyme catalyzing 
Reaction a (Fig. 3) as PC-cytidyl transferase, and to the enzyme catalyzing 
Equation 2 as PE-cytidyl transferase. 

An enzyme extract containing both PC-cytidyl transferase and PE- 
cytidyl transferase was prepared by the following procedure, all the opera- 
tions being carried out at 0-5°. 12.5 gm. of rat liver were homogenized 
for 1 minute in a Waring blendor in 50 ml. of 0.02 m K,HPO, containing 
0.001 m Versene. The homogenate was centrifuged at 20,000 X g for 
40 minutes. The supernatant fluid, containing a considerable amount of 
particulate material, was diluted to 100 ml. with water, and solid am- 
monium sulfate was added to 0.40 saturation. The precipitate was col- 
lected by centrifugation, suspended in the Tris-Versene solution used for 
extraction, and dialyzed against the same solution. 

The incubation mixture used in the experiments on the enzymatic syn- 
thesis of CDP-choline and CDP-ethanolamine contained the following com- 
ponents in a volume of 2.0 ml.: 20 umoles of MgCle, 100 umoles of phos- 
phate buffer, pH 7.4, 10 umoles of cysteine, 20 umoles of ATP, 0.4 umole 
of CTP, and 20 umoles of P-choline-P® or P-ethanolamine-P”. 1.0 ml. 
of enzyme was added, and the tubes were incubated for 1 hour at 37°. 

The reaction was stopped by the addition of 5 ml. of 66 per cent ethanol 
at room temperature. The precipitate of denatured protein was removed 
by centrifugation and washed with 10 ml. of water. The combined ex- 
tracts were diluted to a volume of 60 ml. and chromatographed on a column 
of Dowex 1 formate, the formic acid system being used. The fractions 
which were collected were then analyzed for radioactivity and for absorb- 
ancy at 280 mu. The results are shown in Fig. 6. In the experiment with 
P-ethanolamine-P® (lower portion, Fig. 6), the unchanged P-ethanolamine 
was found in Tubes 11 to 20. About 50 per cent of the added CTP was 
recovered as CDP-ethanolamine in Tubes 30 to 36. In the experiment 
with P-choline-P® (upper portion, Fig. 6), about 70 per cent of the CTP 
was recovered as CDP-choline in Tubes 22 to 29. 
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The enzymatically synthesized CDP-choline was identical with the syn- 
thetic product, as judged by rechromatography on ion exchange resin 
(ammonium formate system), paper chromatography, absorption spectrum, 
and biological activity. The enzymatically synthesized CDP-choline was 
converted to lecithin by rat liver particles in yield identical with that ob- 
served with the synthetic product. 

Reversibility of PC-cytidyl Transferase—The enzymatic synthesis of 
CDP-choline shown in Reaction a should be readily reversible, since it is 
closely similar to the formation of DPN from ATP and nicotinamide ribo- 
tide which has been found by Kornberg (17) to have an equilibrium con- 


TUBE NUMBER 


Fic. 6. Chromatographic separation of enzymatically synthesized CDP-choline 
(upper portion) and CDP-ethanolamine (lower portion). Details of the experiment 
are given in the text. 


stant of about 0.4. PC-cytidyl transferase should therefore catalyze not 
only the synthesis of CDP-choline from CTP and P-choline, but also pyro- 
phosphorolytic cleavage of CDP-choline to yield CTP and P-choline. In 
the experiment presented in Table III, the addition of small amounts of 
pyrophosphate to the enzyme system markedly reduced the over-all in- 
corporation of P-choline into lecithin. This effect was interpreted as indi- 
cating that the equilibrium of Reaction a had been displaced to the left. 

The pyrophosphorolysis of CDP-choline labeled with choline-1 ,2-C"™ 
was studied in the experiment described in Table VII. After incubation 
for 15 minutes at 37° under the conditions described, the enzymatic reac- 
tion was stopped by immersing the tubes in a boiling water bath for 6 
minutes. The suspension was centrifuged and 0.50 ml. of the supernatant 
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fluid assayed for P-choline-1,2-C'*. Carrier P-choline (20 umoles) was 
added and the pH adjusted to 4.7 with acetate buffer. The P-choline was 
then quantitatively hydrolyzed to choline by the addition of acid phospha- 
tase from semen, and the choline liberated was recovered as the crystalline 
reineckate and counted. From the total radioactivity of the choline 
reineckate and the specific activity of the original CDP-choline, the amount 
of P-choline formed by the PC-cytidy] transferase reaction could be calcu- 
lated. The results are given in Table VII. A significant amount of P-cho- 
line is formed by the action of purely hydrolytic enzymes, but this value 
is increased almost 6-fold by the addition of inorganic pyrophosphate, 
indicating the reversibility of Reaction a. Inorganic orthophosphate is 
without effect on the reaction. 


TaBLeE VII 
Pyrophosphorolysis of CDP-choline 
Tube No. CDP-choline split 
mymoles 
1 No pyrophosphate added 23.8 
2 5 umoles pyrophosphate added 123 


The enzyme system for the pyrophosphorolytic cleavage of CDP-choline con- 
tained the following reagents: 20 wmoles of MgCl., 50 umoles of Tris buffer of pH 
7.4, 0.6 umole of CDP-choline labeled with choline-1,2-C™ (44,000 c.p.m. per micro- 
mole), 5 uwmoles of cysteine, and 0.5 ml. of the 0 to 40 ammonium sulfate fraction 
similar to that used in the experiment in Fig. 6. The tubes were incubated at 37° 
for 15 minutes. 


Distribution of PC-cytidyl and PE-cytidyl Transferases—These enzymes 
are widely distributed in nature, being found in the liver, brain, heart, and 
kidney of the rat, in the liver of the guinea pig and hog, in several strains 
of yeast, and also in carrot root. <A detailed study of the properties of the 
PC-cytidyl transferase of guinea pig liver has been made and will be pub- 
lished in another paper. 

PC-glyceride and PE-glyceride Transferases—Reaction b, Fig. 3, may be 
regarded as essentially the transfer of the P-choline portion of CDP-choline 
to the free hydroxy] group of a p-a,6-diglyceride. The enzyme catalyzing 
this reaction will be described as PC-glyceride transferase; the analogous 
but separate enzyme catalyzing the formation of phosphatidylethanola- 
mine from CDP-ethanolamine will be described as PE-glyceride transferase. 
Evidence that two distinct enzymes are required for these reactions has 
been given in Table V. 

Properties of PC-glyceride Transferase—Added magnesium or manganese 
ions are necessary for PC-glyceride transferase activity (Fig. 7), Just as 
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for the over-all reaction sequence by which labeled P-choline is incorporated 
into lecithin (Fig. 2). Calcium ions inhibit PC-glyceride transferase even 
in the presence of magnesium ions, whereas PC-cytidyl transferase is unaf- 


\ 


| 


M_ LECITHIN 


a 
pM/ML. 


Fig. 7. Requirement of divalent cation for PC-glyceride transferase activity. 
Each tube contained 0.10 umole of CDP-choline-1,2-C (65,000 ¢.p.m. per micro- 
mole), 100 umoles of phosphate buffer of pH 7.4, and 0.50 ml. of rat liver particlesin a 
final volume of 1.0 ml. Magnesium or manganese ions were added as shown. In- 
cubation was for 1 hour at 37°. 


TaBLeE VIII 
Nucleotide Specificity of PC-glyceride Transferase of Rat Liver and Yeast 
P-choline incorporated into lecithin, mumoles 
Tube No. 
Liver enzyme Yeast enzyme 
1 UDP-choline 0.7 0.3 
2 GDP-choline 0.0 0.0 
3 ADP-choline 0.0 0.0 
4 CDP-choline 64.8 84.1 


Each tube contained 40 uwmoles of MgCl:, 100 umoles of Tris buffer, pH 7.4, 20 
umoles of cysteine, 100 umoles of KF, and 0.6 ml. of rat liver particles or crude di- 
alyzed autolysate of brewers’ yeast as indicated. 0.20 umole of labeled nucleotide 
of identical specific activity (55,000 c.p.m. per micromole) was added as shown. 
The tubes were incubated for 1 hour at 37°. The final volume was 2.0 ml. 


fected by calcium. The inhibition of the over-all system by calcium ions 
(4) is therefore localized in the PC-glyceride step. 

PC-glyceride transferase is highly specific for CDP-choline. When 
tested with synthetic UDP-choline, GDP-choline, ADP-choline, and CDP- 
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choline (Table VIII), only CDP-choline was found to be active. A similar 
narrow specificity was found with both the liver and the yeast enzymes. 

Requirement for v-a,B-Diglyceride—Preparations of particles from the 
livers of animals of several species convert CDP-choline to lecithin in 
the absence of added diglyceride. These enzyme preparations are rich 
in lipide which is bound tenaciously, and the addition of suspensions 
of lipides of various types suspected to be precursors of the a, 6-diglyceride 
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Fic. 8. Requirement of p-a,8-diglyceride for conversion of CDP-choline to leci- 
thin. Each tube contained 20 umoles of MgCle, 50 umoles of Tris buffer of pH 7.4, 
0.2 umole of CDP-choline (58,000 c.p.m. per micromole), 10 wmoles of cysteine, 5 mg. 
of Tween 20, and 0.2 ml. of rat liver particles in a final volume of 1.0 ml. 3 mg. 
of p-a,8-diglyceride prepared from purified egg lecithin were added as indicated. 
The diglyceride was added as an emulsion in the Tween 20; the control received 
Tween 20 only. The incubation at 37° was varied as shown. 


moiety of lecithin was without consistent effect. Similar results were also 
obtained with enzymes from yeast. 

It has been found that surface-active agents, such as bile salts, digitonin, 
or Tween 20 (polyoxyethylene sorbitan monolaurate), promote the revers- 
ible dissociation of a,6-diglyceride from the enzyme surface. Of these, 
Tween 20 appears to be the most convenient. When rat liver particles 
are incubated with CDP-choline in the presence of 0.5 per cent Tween 20, 
the formation of radioactive lecithin is stimulated 10- to 20-fold by the 
addition of a mixture of D-a,6-diglycerides derived from egg lecithin (Fig. 
8). The stimulatory effect of p-a,8-diglycerides is consistent and quite 
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specific; the egg lecithin from which the p-a,6-diglyceride was derived is 
much less effective, as is a mixture of naturally occurring triglycerides 
(corn oil). 


DISCUSSION 


Workers in several laboratories (10, 14, 18) have observed the presence 
in a number of tissues of enzyme systems which are active in the synthesis 
of phosphatidic acids. The concentration of phosphatidic acids in mam- 
malian tissues is so low as to escape detection by ordinary methods. Con- 
siderable speculation has arisen as to the physiological significance of this 
rapid enzymatic synthesis of phosphatidic acids. Evidence has been pre- 
sented in this paper that pD-a,8-diglycerides are precursors of the a, #-di- 
glyceride portion of the lecithin molecule. The dephosphorylation in vivo 
of t-phosphatidic acids would yield p-a,8-diglycerides, which then may be 
converted to glycerophosphatides. Preliminary experiments in our labora- 
tory have shown that there is a rapid release of inorganic phosphate when 
phosphatidic acids are incubated with enzymes from rat liver. 

The pathways for the enzymatic synthesis of lecithin and phosphatidyl- 
ethanolamine are essentially similar, suggesting that the mechanisms 
involved may be applied to the biosynthesis of glycerophosphatides in gen- 
eral, including the serine phosphatides and acetal phospholipides. Sphin- 
gomyelin, although not a glycerophosphatide, has a phosphorylcholine 
moiety like that of lecithin and it is possible that CDP-choline may be a 
precursor of this portion of the sphingomyelin molecule. 

It is noteworthy that the enzymatic reactions in Fig. 3 are widely dis- 
tributed in nature. Further, enzymes derived from widely different 
sources, such as liver and yeast, show the same high specificity for cytidine 
nucleotides. It appears that the fundamental mechanisms involved in 
the biosynthesis of phospholipides are much the same in many types of 
living cells. 

The brilliant work of Leloir and his collaborators (19-21) has led to the 
discovery of the uridine coenzymes and of some of the functions of these 
compounds in the metabolism of carbohydrates. The cytidine compounds 
described in the present paper have a structure (cytidine-P-P-base) closely 
similar to the uridine compounds (uridine-P-P-sugar). However, the 
cytidine coenzymes participate in a type of group transfer reaction which 
is quite different from any that has been described involving the uridine 
nucleotides. 

The enzymatic synthesis of CDP-choline and of CDP-ethanolamine is 
similar to the synthesis of uridine diphosphate glucose described by Munch- 
Petersen et al. (22). 


(3) UTP + a-glucose-1-phosphate — uridine diphosphate glucose + P-O-P 
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Both reactions are examples of a fundamentally important mode of synthe- 
sis of nucleotide pyrophosphates discovered by Kornberg in his studies on 
the biosynthesis of DPN (17). 


(4) ATP + nicotinamide ribotide = DPN + P-O-P 


Many of the metabolic transformations of glucose, such as conversion 
to sucrose (21) or oxidation to glucuronic acid (23), do not occur unless 
the sugar is first converted to uridine diphosphate glucose. The finding 
that CDP-choline and CDP-ethanolamine are naturally occurring ‘‘acti- 
vated”’ forms of choline and ethanolamine raises the question as to whether 
these compounds undergo reactions other than those leading to the forma- 
tion of phospholipides. If the analogy with the uridine compounds holds 
true, then many of the metabolic reactions of choline and ethanolamine 
may possibly involve CDP-choline or CDP-ethanolamine rather than the 
free bases themselves. 

The presence of adenosine as an essential component of coenzymes has 
long been known. The work of Leloir and his collaborators on the uridine 
coenzymes has already been mentioned. Sanadi et al. (24) and Kurahashi 
and Utter (25) have shown that guanosine nucleotides may also participate 
as cofactors in enzymatic reactions. With the discovery of the cytidine 
coenzymes, it is now clear that all four of the ribotides which are present 
in ribonucleic acid are essential components of coenzymes. The underlying 
biological significance of this fact is not apparent at present, but it must 
be taken into consideration in any comprehensive theory of the function 
of ribonucleic acid in living cells. 


The authors are indebted to Sylvia Wagner Smith for assistance in many 
of these experiments. 


SUMMARY 


1. The enzymatic synthesis of lecithin and of phosphatidylethanolamine 
has been found to be mediated by cytidine coenzymes. Cytidine diphos- 
phate choline and cytidine diphosphate ethanolamine, “activated” forms 
of phosphorylcholine and phosphorylethanolamine, are precursors of 
lecithin and phosphatidylethanolamine, respectively, in these enzyme sys- 
tems. 

2. The levels of cytidine diphosphate choline and cytidine diphosphate 
ethanolamine have been measured in the livers of the rat and of the hen. 
These compounds have also been detected in yeast. 

3. Enzymes have been found widely distributed in nature which carry 
out the synthesis of cytidine diphosphate choline and cytidine diphosphate 
ethanolamine according to the following equations: 
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CTP + phosphorylcholine 
cytidine diphosphate choline + inorganic pyrophosphate 
CTP + phosphorylethanolamine — 


cytidine diphosphate ethanolamine + inorganic pyrophosphate 


The names PC-cytidyl and PE-cytidyl transferases have been suggested 
for these enzymes. 

4. Cytidine diphosphate choline is converted by an enzyme (PC-glyc- 
eride transferase) to lecithin, and cytidine diphosphate ethanolamine is 
converted by a separate enzyme (PE-glyceride transferase) to phospha- 
tidylethanolamine. When tested in the presence of surface-active agents, 
the PC-glyceride reaction is stimulated 10- to 20-fold by the addition of 
p-a , 8-diglycerides. 

5. These results are discussed and a reaction mechanism is presented to 
account for the function of cytidine coenzymes in the biosynthesis of phos- 
pholipides. 
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AN INCREASED INCORPORATION OF P® INTO NUCLEIC 
ACIDS BY VITAMIN E-DEFICIENT RABBITS* 


By JAMES 8. DINNING, JOHN T. SIME, anp PAUL L. DAY 


(From the Department of Biochemistry, School of Medicine, University of Arkansas, 
Little Rock, Arkansas) 


(Received for publication, February 13, 1956) 


It has been shown that vitamin E deficiency in the rabbit leads to an 
increased incorporation of formate into nucleic acids and to a decreased 
incorporation of glycine into nucleic acids (1). The present experiments 
were designed to study the effect of vitamin E deficiency on the incorpora- 
tion of P® into the tissue nucleic acids of rabbits. 


EXPERIMENTAL 


The preparation of diets, vitamin E supplementation, and general han- 
dling of the rabbits were the same as those previously described (1). For 
each experiment a vitamin E-deficient rabbit, exhibiting the usual defi- 
ciency signs, and a control rabbit, which had received the deficient diet 
with oral supplements of a-tocopherol (8 mg. per week), were injected intra- 
peritoneally with a solution of P®O, in dilute HC]. Since it was impossible 
to predict exactly when a deficient rabbit would be suitable for an experi- 
ment it was not convenient to inject the same dose of P* in all experiments. 
However, for each experiment the control and the vitamin E-deficient 
rabbits were injected with equal doses of P® per kilo of body weight. The 
dosage for the various experiments varied from 0.05 to 0.1 me. of P® per 
kilo of body weight. There was a total of four experiments. 

4 hours after the injections the animals were sacrificed and the tissues 
were fractionated by the Schneider procedure (2). An aliquot of the nu- 
cleic acid extract was evaporated and then counted with an end window 
Geiger tube and another aliquot was wet ashed for phosphorus determina- 
tion. The results were calculated as counts per minute per micromole of 
phosphorus. For each experiment the specific activity of bone marrow 
nucleic acids from the control rabbit was assigned a value of 100 and the 
specific activities of nucleic acids of the other tissues from the control and 
the vitamin E-deficient rabbits were adjusted to this basis. The specific 
activities of nucleic acids from the control and vitamin E-deficient rabbit 
tissues are expressed as per cent of the specific activity of nucleic acids of 
bone marrow from the control rabbit. These calculated values were called 


* This work was supported by research grant No. A-721 from the National Insti- 
tutes of Health, Public Health Service. 
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relative specific activity. ‘This method of calculation permitted averaging 
the results of the four experiments, even though different quantities of P® 
were injected. 

The remaining viscera from each rabbit were pooled and the sodium 
nucleates were extracted and fractionated into deoxyribonucleic acid and 
ribonucleic acid as previously described (3). 


RESULTS AND DISCUSSION 


The data in Fig. 1 show that vitamin E-deficient rabbits incorporated 
much more P® into tissue nucleic acids than did normal rabbits. This 


2007 NORMAL 


E-DEFICIENT 


100 


SO 


RELATIVE SPECIFIC ACTIVITY 


MG SH. 


SKELETAL SPLEEN KIONEY LIVER SMALL BONE 
MUSCLE INTESTINE MARROW 


Fic. 1. The incorporation of P32 into nucleic acids by normal and vitamin E-defi- 
cient rabbits. 


effect was apparent in all tissues studied but was most marked in skeletal 
muscle. Vitamin E-deficient rabbits incorporated approximately 10 times 
as much P® into the nucleic acids of skeletal muscle as did normal rabbits. 

The visceral nucleates from the vitamin E-deficient rabbits exhibited 
much higher specific activities than those from control rabbits. The av- 
erage specific activity of visceral nucleates from the vitamin E-deficient 
rabbits was elevated 6.8-fold over that of the controls. Essentially all 
the radioactivity of visceral nucleates from both control and vitamin E- 
deficient rabbits was in the ribonucleic acid fraction. 

These results demonstrate clearly that vitamin E deficiency in the rab- 
bit leads to a marked increase in the incorporation of phosphorus into 
nucleic acids and lend additional support to the suggestion that the regula- 
tion of nucleic acid turnover is a primary metabolic réle of vitamin E (3). 
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BUMMARY 


Vitamin EF deficiency in the rabbit leads to a marked increase in the 
incorporation of P*® into tissue nucleic acids. 
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WEFECT OF FOOD DEPRIVATION ON ‘THE LABELING 
OF PHOSPHOLIPIDE IN RAT LIVER SLICES* 


By DOROTHY KLINE,t CATHERINE McPHERSON, 
kk. T. PRITCHARD, anv R. J. ROSSITER 


(From the Department of Biochemistry, University of Western Ontario, 
London, Canada) 


(Received for publication, December 8, 1955) 


It is known that the incorporation of the labeled carbon atom of acetate- 
1-C* into both the total fatty acid (1-3) and the total cholesterol (4) of 
rat liver slices is greatly decreased when the animal is deprived of food for 
the 24 hour period preceding the experiment. Recently Rossiter and 
Kline (5) reported that the labeling of acetone-insoluble lipide (phospho- 
lipide) of rat liver slices, first demonstrated by Pihl and Bloch (6), was also 
greatly decreased if the animal was sacrificed in the fasted rather than in 
the fed condition. 

In the present paper the effect of fasting on the subsequent labeling of 
the acetone-insoluble lipide of rat liver slices is described for a number of 
radioactive precursors. Inorganic P*, acetate-1-C™, glycerol-1-C", and 
glycine-2-C* were chosen for comparison, since work in this laboratory has 
shown that each of these precursors labels a different portion of the phos- 
phoglyceride molecule. 


EXPERIMENTAL 


Animals—Male rats of the Sprague-Dawley strain weighing 150 to 200 
gm. were used. The animals were maintained in an air-conditioned room 
at 22° and, unless otherwise stated, were fed Master Fox cubes (Toronto 
Elevators, Limited) ad libitum which contained approximately 53 per cent 
carbohydrate, 3.5 per cent fat, and 20 per cent protein. 

Inver Slices—Each animal was sacrificed by decapitation. ‘The liver was 
perfused rapidly in situ with cold (2—5°), isotonic saline. Slices less than 
0.5 mm. thick were cut free-hand with a safety razor blade from blocks of 
tissue held between chilled, ground glass slides. Approximately 500 mg. 
of the sliced tissue were transferred to a weighed Warburg vessel containing 
cold Krebs-Ringer bicarbonate buffer. The flask was reweighed and, for 
the experiments with C, 3 umoles of labeled substrate containing 1.3 ue. 
of radioactivity were added. For the P® experiments, 24 ue. of carrier- 


* Supported by grants from the National Cancer Institute and the Defence Re- 
search Board of Canada. 
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free radioactivity were added as inorganie ‘The final volume waa al 
waya ‘The was attached to ite manometer and gassed with a 
05 per cent Osh per cent COs gas mixture, ‘The sample was then incu. 
bated for 4 hours at 37.5° with shaking to insure adequate oxygenation, 

Hxtraction and Separation of Phospholipide— After the incubation period 
the buffer was decanted from the tissue, which was homogenized in 3 ml. 
of cold (0-2°), 95 per cent ethanol with a Potter-Elvehjem glass homoge- 
nizer. After centrifuging, the residue was extracted successively with two 
additional 5 ml. portions of cold ethanol, four 5 ml. portions of hot etha- 
nol-ether (3:1), and one 5 ml. portion of ethyl ether. The lipide extracts 
were pooled and evaporated to dryness with reduced pressure under an 
atmosphere of nitrogen. The temperature of the water bath was main- 
tained below 50°. The residue was dissolved in ethyl ether, and the last 
traces of radioactive water-soluble compounds were removed by washing 
successively with 5 ml. portions of 2 m NaCl containing the appropriate 
carrier (e.g. sodium acetate or KH2PQ,) at a final concentration of 0.05 M. 
The ether solution was then washed with distilled water and evaporated to 
dryness under nitrogen. The residue was dissolved in light petroleum 
ether (b.p., 40-60°) and the phospholipide precipitated with acetone and 
magnesium chloride, as described by Sinclair and Dolan (7). The precipi- 
tate was washed once with dry acetone and the phospholipide was extracted 
from the precipitate with two 2 ml. portions of moist boiling ethyl ether 
and one 2 ml. portion of boiling light petroleum ether. The combined ey- 
tract was reduced to volume under nitrogen, transferred to a 2 ml. volu- 
metric flask, and the flask made up to volume with a 1:1 mixture of light 
petroleum-benzene. In one series of experiments the free cholesterol and 
the fatty acids in the acetone-soluble fraction were isolated by the usual 
methods (1-4). 

Determination of Radioactivity—For the C™ experiments, suitable por- 
tions of the phospholipide extract were plated on weighed aluminum 
planchets and evaporated to dryness by rotation under an infra-red lamp. 
The samples were then counted in a windowless gas flow counter (Nuclear 
Instrument and Chemical Corporation) and the amount of lipide present 
was determined gravimetrically. For the P® experiments, suitable por- 
tions of the lipide extract were purified, evaporated to dryness, and ashed 
with 60 per cent perchloric acid, as described previously (8). The amount 
and radioactivity of the resulting inorganic phosphate were determined by 
the method of Ernster, Zetterstr6m, and Lindberg (9) with a liquid counter 
(20th Century Electronics, M-6). Net counting rates were corrected for 
self-absorption in the C' experiments and for decay in the P® experiments. 
All counting rates were adjusted to a standard amount of radioactivity 
added to the medium. The standard error of counting was maintained 
below the 5 per cent level. 
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Depriving rate of food for 24 hours caused a great reduction in the subse. 
| quent ability of liver shees to label the avetoneinsoluble lipide when ace. 
tate-1-C'™ was the precursor (Experiment 1, Table The percentage 
decrease in the labeling of acetone-insoluble lipide was of the same order 
§ as that observed for the labeling of either the free cholesterol or the fatty 
6 acid from the acetone-soluble lipide. The large decrease in the labeling 
of free cholesterol and fatty acid from acetone-soluble lipide was to be 
TABLE I 
n Effect of Food Deprivation on Subsequent Labeling of Lipides of Rat Liver Slices 
|- 
g Precursor Fraction studied : P 
e RA Fed ad libitum | Fasted 24 hrs. | 8° 
1| Acetate-1-C“ | Acetone-insoluble | 4,180 140 97|<0.001 
0 (phospholipide) | -+330* (26)¢ | +26 (7) 
n ” Fatty acid from | 4,640 140 97|<0.001 
d acetone-soluble +160 (25) +33 (6) 
sia Free cholesterol 118,000 11,700 90'<0.001 
+10,600 +3 ,400 
(27) (7) 
T 2 Acetone-insoluble | 3,320 260 93;<0.001 
ie (phospholipide) +300 (6) +25 (5) 
Glycerol-1-C"4 1,870 2,100 —12>0.3 
it +140 (6) +160 (5) 
d Glycine-2-C'4 1,830 1,790 
+190 6) | (6) 
ul 3 Inorganic P*? 142} 91f 36; <0.02 
! | | +9 (6) +15 (6) 
" | * Mean + standard error of mean. 
: t Number of animals. 
P { Counts per minute per microgram of P. 
ir 
it anticipated from the reports of others for total cholesterol (4) and total 
fatty acid (1-3). 
d | In Experiment 2, fasting again caused a great decrease in the labeling of 
it __ acetone-insoluble lipide when the radioactivity was derived from acetate-1- 
y | OC (93 per cent), but there was no significant change when either glyc- 
or erol-1-C™ or glycine-2-C™ was the precursor. 
or When the radioactivity was derived from inorganic P®, fasting caused 
S. a statistically significant (P < 0.02) decrease in the specific activity of 
y the acetone-insoluble lipide (Experiment 3). However, the percentage 
d | decrease (36 per cent) was considerably less than that observed when 
acetate-1-C'™ was the source of the label. 
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DIBCUBMION 


Mihl and Bloch (6) showed that the fatty acid portion of the acetone 
insoluble lipide in liver slees waa labeled when acetate war the pre. 
cursor, Hydrolysia of the phoapholipide bas confirmed this finding and 
has alao shown that with acetate the glycerol and nitrogen-contaiming 
portions of the phosphoglyceride molecule are not labeled to any significant 
extent. On the other hand, hydrolysis experiments with the chromato- 
graphic procedures of Dawson (10) have shown that glycerol-1-C"™ labels 
the glycerol portion of the phosphoglyceride molecule, but neither the base 
nor the fatty acid. Moreover, glycine-2-C™ labels the base (particularly 
the serine of phosphatidyl serine and the ethanolamine of phosphatidy] 
ethanolamine and, to a lesser extent, the choline of phosphatidyl! choline), 
but neither the glycerol nor the fatty acid portion of the molecule. 

The experiments reported here indicate that fasting affects the labeling 
in vitro of different portions of the phosphoglyceride molecule to different 
degrees. The labeling of the fatty acid moiety is greatly decreased, the 
labeling of the phosphorus moiety much less so, and the labeling of the 
glycerol and base moieties not at all. It would thus appear that different 
portions of the phosphoglyceride molecule may be renewed at different 
rates. <A similar conclusion can be drawn from the experiments of Hokin 
and Hokin (11, 12) with pancreas and brain slices. ‘These workers showed 
that the addition of cholinergic drugs in vitro caused a change in the labeling 
of the phosphorus moiety of the phosphoglycerides, but not of the glycerol. 

The finding that the labeling of the phosphoglyceride fatty acid is de- 
creased in liver slices from rats deprived of food for 24 hours, taken in con- 
junction with the fact that there is also a decrease in the labeling of cho- 
lesterol and fatty acid from acetone-soluble lipide, might suggest that 
fasting affects the metabolism of these substances early and at some com- 
mon stage in their metabolic pathways, possibly at the ‘‘active acetate” 
or acetyl coenzyme A stage. However, reports that there is no decrease 
in the oxidation of labeled acetate to COz (2, 3), or in its conversion to ace- 
toacetate (13), in liver slices from rats deprived of food for 24 hours indi- 
cate that the decrease in labeling of fatty acid is not due to a lack of energy- 
producing reactions necessary for the activation of acetate. 

The labeling of serine, ethanolamine, and choline from glycine-2-C"™ are 
well known reactions. The experiments reported here show that neither 
these reactions nor the incorporation of the bases into phosphoglyceride 
(14, 15) is affected by food deprivation. It might also be pointed out that 
Mannell and Rossiter (16) found that fasting caused no change in the in- 
corporation of formate-C" into the purines of ribonucleic acid of rat liver 
slices. Thus reactions involving “active formate,” in contrast to many of 
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(he reactions mvolving “aetive acetate,” are not atleeted by flood depriva 


Ino orat liver sliees reaping toon buffered suitable 
racionetive precursors, the lipide (phospholipide) is 
labeled metabolieally. With acetate-I-C' as precursor, the labeling of 
phospholipide was found to be greatly decreased if the animal was deprived 
of food for the 24 hour period preceding the experiment. 

This decrease in phospholipide labeling brought about by food depriva- 
tion was greatest when acetate-I1-C'™ was the source of the radioactivity, 
was much less with inorganic P®, and absent with either glycerol-1-C™ or 
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DETERMINATION OF CREATINE, CREATININE, ARGININE, 
GUANIDINOACETIC ACID, GUANIDINI, AND METHYL- 
GUANIDINE IN BIOLOGICAL FLUIDS* 


JOHN VAN MARTIN, KITO, ano J, HESS 
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The non-specific analytical methods for the guanidinium compounds in 
Inological fluids have been unsatisfactory for many years. ‘The methods 
presented in this paper have a greatly improved specificity and are not too 
complex for use in the clinical laboratory. 

A modified Sakaguchi color reaction for substituted guanidines is used 
in each procedure. Guanidinoacetic acid is measured by developing the 
color reaction with a Ba(OH):2-ZnSO, protein-free filtrate. Arginine plus 
guanidinoacetic acid is measured by the golor reaction with a tungstic acid 
protein-free filtrate. Creatinine is degraded to methylguanidine for meas- 
urement. Creatine is converted to creatinine by heat and acid and then 
degraded to methylguanidine. Methylguanidine and guanidine are de- 
termined by developing the color reaction on a Ba(OH)2-ZnSO, protein- 
free filtrate (arginine-free) which has been treated with a strong anion ex- 
change resin to remove guanidinoacetic acid. Any guanidine present must 
first be treated with dimethyl sulfate before the color reaction is applied. 

Reagents— 

Protein precipitation reagents. 

1. 2 N H2SQO, and 10 per cent sodium tungstate (1, 2). 

2. 0.3 N Ba(OH), (8).! 


* These studies were supported in part by a research grant (No. A-883) to the 
University of Minnesota from the National Institute of Arthritis and Metabolic 
Diseases of the National Institutes of Health, Public Health Service, in part by re- 
search grants to the University of Utah from the Office of Naval Research, Depart- 
ment of the Navy, Project 120-003, and from The National Foundation for Infantile 
Paralysis, Inc. 

t Present address, Department of Physiological Chemistry, The Medical School, 
University of Minnesota, Minneapolis 14, Minnesota. 

130 gm. of reagent grade Ba(OH), are dissolved in 1 liter of distilled water. The 
solution is allowed to stand tightly stoppered for 1 to 2 days to allow insol- 
uble Ba(CO;)2 to precipitate. The clear supernatant solution is siphoned into 
another bottle. A portion of this supernatant solution is then titrated against the 
ZnSQ, solution. The titration is performed by diluting 10 ml. of the ZnSO, solution 
to about 100 ml. and then running in the alkali dropwise with continual agitation un- 
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3. 5 per cent ZnSO,-7H.O in 0.033 m biphthalate buffer, pH 5.0. 

Modified Sakaguchi color reagents. 

1. (a) 10 per cent NaOH containing 10 mg. of thymine per ml. (for crea- 
tinine, creatine, guanidine, and methylguanidine); (b) 10 per cent NaOH 
containing 20 mg. of thymine per ml. (for arginine and guanidinoacetic 
acid). 

2. 0.04 per cent a-naphthol in ethyl alcohol, ‘This reagent is mixed with 
an equal volume of the alkaline thymine solution, ‘The mixture is stable 
for 1 day, 

3. (a) 0,50 per cent NaOCl (lor creating, creatinine, and meth 
Yiguanidine), LO of Clorox diluted to with (b) per 
eonk NaOcl (lor arginine, made 

A, 2 per cent sodiim thiosulfate, gin of dissolved in 
100 ml, of 

Reagents for conversion of creatinine to methylpuanidine, 

1. 7 per cent o-nitrobenzaldehyde (Hastman) in ethyl aleohol, 

2. 1.25 NaOH, 

3. Phosphate buffer-sulfurie acid mixture. A 1.25 N HeSO, solution is 
equilibrated against the 1.25 nN NaOH. A 0.5 m phosphate buffer is pre- 
pared by mixing 30 ml. of 0.5 nN NaOTL with 50 ml. of 0.5 Mm monopotassium 
phosphate and diluting to 100 ml. The buffer should have a pH of 6.9 to 
7.0. 1 volume of the 1.25 N H2SO, is mixed with 1 volume of the phosphate 
buffer. The mixture is then diluted by mixing 4 volumes with | volume of 
water. 

Creatine reagents. 

1. 0.15 M potassium citrate buffer, pH 2.2, is prepared by mixing equal 
volumes of 0.15 M monopotassium citrate and 0.15 n H2SOu. 

2. 1.66 N NaOH. 

Guanidine and methylguanidine reagents. 

1. Ion exchange resin IRA-400 (OH), 20 to 50 mesh in a column approxi- 
mately 15 mm. in diameter and 150 mm. in length. 

2. 4Nn NaOH. 

3. Dimethyl sulfate. 


Procedures 


The reagents listed above are designed for a procedure in which the total 
volume in the colorimeter tube is 2.6 to 3.1 ml. If a colorimeter is used in 
which the total volume in the tube is at least 6 ml., all the reagents except 
the protein precipitation reagents and the guanidine and methylguanidine 
reagents are made up double strength. 


til a pink color persists for at least 1 minute. The two solutions should be exactly 
equivalent. If they are not, the stronger one should be proportionately diluted to 
match the less concentrated one. 
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Modified Sakaguchi Color Reaction 


The colorimeter tubes containing solutions to be measured are chilled in 
anice bath. 0.5 ml. of the alkaline a-naphthol-thymine mixture is pipetted 
into the tubes. After mixing, 0.2 ml. of NaOCl! solution is added with im- 
mediale mixing. Ixactly 1 minute later, 0.2 ml. of NaS.O; solution is 
added with immediate mixing. ‘The tubes are read at 515 mp. ‘The colors 
are stable in the cold for several hours. 

Guanidinoacetie Actd— A 1:7 Ba(OW)sZndO, filtrate of whole blood or 
serum by adding to volume of blood or serum volumes 
of solution followed by & volumen of solution, Po b vob 
ine of Cliluted a added volume of solution tol 
lowed by volume of solution, ‘The mixtures are centrifuged and 
filtered, Color on these filtrates represent guanidinoacetic acid, 

Arginine A LA7 tungstie acid filtrate of blood or serum is prepared as 
follows: | volume of blood or serum is added to 4 volumes of H,O; 1 volume 
of 10 per cent sodium tungstate is added, followed as soon as possible with 
the addition of 1 volume of 2.N HL.SO42 After standing for 15 minutes, the 
mixture is centrifuged and filtered. Urine is diluted 1:30. ‘The color re- 
action on the filtrate or diluted urine represents arginine + guanidinoacetic 
acid. The difference between the value by this procedure and that for 
guanidinoacetic acid represents arginine. 

Creatinine—1 ml. of the tungstic acid filtrate (1:7) or urine diluted 1:200 
is pipetted into each of two colorimeter tubes. ‘To Tube 1 are added 0.5 ml. 
of phosphate buffer-H.2SO, mixture and 0.2 ml. of 1.25 n NaOH. This is 
the blank tube and is ready for color development. ‘To Tube 2 are added 
1 drop of o-nitrobenzaldehyde and 0.2 ml. of 1.25 N NaOH. After mixing, 
the tube is left standing for 15 minutes (20 minutes for 6 ml. method). 0.5 
ml. of the phosphate buffer-H2SO, mixture is added and the solution is 
mixed. The tube is then heated in a boiling water bath for 10 minutes. 
After cooling to room temperature, the Sakaguchi color is developed in both 
tubes. 1 drop of o-nitrobenzaldehyde is added to the blank tube just be- 
fore the addition of the NaOCl solution. The difference in optical den- 
sity of the two tubes represents the amount of creatinine present. 

Creatine—1 ml. of the tungstiec acid filtrate (1:7) or of diluted urine is 
pipetted into each of two color tubes. To Tube1 are added 0.5 ml. of 0.15 M 
citrate buffer, pH 2.2, 0.2 ml. of 1.66 N NaOH, and 0.5 ml. of phosphate buf- 


2? The urine sample should not have a specific gravity greater than 1.01 for any of 
the determinations and should be so diluted. 

’ It is necessary that the sodium tungstate solution be added before the H.SO, 
solution. The reversal of this procedure yields a protein-free filtrate that may turn 
black when the color reaction is applied. The protein-free filtrates of plasma or se- 
rum, but not of whole blood, are too acidic and must be neutralized with NaQH 
before analyses are made. 
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fer-H.SO, mixture. This is the blank tube and is ready for color develop- 
ment. To Tube 2, 0.5 ml. of the citrate buffer is added; the tube is covered 
with a glass marble and then heated in a boiling water bath for 14 to 2 
hours. After cooling to room temperature, 0.2 ml. of 1.66 N NaOH is 
added and the creatinine procedure is followed. The difference in optical 
density represents the total creatine and creatinine present (as creatinine). 
This value less that for creatinine represents creatine (as creatinine). 

Methylguanidine—For blood, a 1:7 Ba(OH)2-ZnSO, filtrate is prepared 
with 10 ml. of the blood as under the guanidinoacetic acid procedure. The 
filtrate is run over an IRA-400 (OH) column, neutralized with dilute HC] 
to pH 4 to 6, and evaporated to dryness by placing in a warm water bath 
and allowing a stream of air to blow over the surface, ‘The residue is dis- 
solved in 2.5 ml, of HO and 2 ml. are withdrawn for the color reaction, — For 
urine, to ofturine are added of solution and of 
solution, ‘The filtrate is run over the FRA-400 (OH) column and the color 
reaction is developed, 

Guanidine— Vor blood, the procedure is the same as the methylguanidine 
method except that, instead of dissolving the residue in 2.5 ml. of HLO, it is 
dissolved in 2 ml. of 4. n NaOH, 0.5 ml. of dimethyl sulfate is added, and 
the mixture is shaken at 35-40° for 1 hour or until the dimethyl] sulfate has 
disappeared. ‘The color reaction is run on 2 ml. of this mixture. For urine, 
the procedure is the same as the urine-methylguanidine method except that 
the filtrate from the column is evaporated to dryness as under blood methy1- 
guanidine. ‘The guanidine is treated with dimethyl sulfate as under the 
blood guanidine procedure.‘ 


Results 


The analytical range for blood may be increased or decreased by preparing 
a more dilute or a more concentrated protein-free filtrate. The procedures 
as described have the following ranges in mg. per 100 ml. of blood: creat- 
inine, creatine, arginine, and guanidinoacetic acid all from 0.5 to 10.0, 
methylguanidine 0.02 to 0.4, and guanidine 0.05 to 1.0. Amounts of crea- 
tine less than 150 mg. per 24 hour urine sample may not be measured be- 
cause of the large amounts of creatinine present. 20 to 500 mg. of arginine 
or guanidinoacetic acid, 1 mg. of methylguanidine, and 2 mg. of guanidine 
may be measured in a 24 hour urine sample. The sensitivity for arginine, 
guanidinoacetic acid, guanidine, and methylguanidine in urine may not be 
increased to any great extent by working with a more concentrated urine 
because urea then begins to interfere in the color reaction. 


‘The color reaction in the guanidine and methylguanidine procedures for blood 
and urine sometimes produces a slight yellow color which is not the result of any 
methylguanidine or guanidine present. The color may be distinguished from that 
of methylguanidine by the fact that it has a maximal absorption at 350 mu. 
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Table I shows the recoveries of the compounds added to blood and urine. 

In Table II are shown the average values determined on thirty-five nor- 
mal blood and urine samples and a list of the reported values obtained by 
other methods. 


DISCUSSION 


Creatinine has been determined by non-specific chromogenic reactions 
(4-14) with picric acid (1, 15) or 3 ,5-dinitrobenzoic acid (16-18) in the pres- 
ence of alkali. The modification of these procedures by adsorption of creat- 
inine on fuller’s earth (Lloyd’s reagent) (19-22), by oxidation of interfering 
reducing substances (12, 28), or by incubation with a creatinine-destroying 
enzyme (24, 25) has increased the specificity. Recently Stelgens has re- 
ported a method based on its reaction with potassium-mercury thiocya- 
nate (26), 


Recoveries of Guanidintum Compounds 


Mg. added to 100 ml. 
Whole blood Urine (sp. gr. 1.01) 
Creatinine 0.5 -10.0 20 -500 
Creatine 0.5 -10.0 20 -500 
Arginine... 0.5 -10.0 | 2 — 50 
Guanidinoacetic acid... ...... 0.5 -10.0 | 2 - 50 
0.02- 0.4 | 0.1- 2.0 


Analysis performed as under ‘‘Procedures.’’ A 95 to 100 per cent recovery was 
obtained with each compound. 


The conversion of creatine to creatinine and its subsequent measurement 
have never been satisfactory. Non-creatinine, Jaffe-positive chromogens 
are formed when acidified biological fluids are heated. Some of the non- 
creatinine chromogens produced in the heating process can be removed by 
ether extraction (27). Creatine has been measured directly with the di- 
acetyl color reaction (28) for guanidinium compounds. Ennor and Stocken 
(29), using this color reaction and a specific creatine-destroying bacterial 
enzyme preparation, have developed a specific method for creatine. 

Arginine and guanidinoacetic acid have been separated from each other 
for colorimeter measurement by means of ion exchange (30, 31) or by incu- 
bation with the enzyme arginase (32). Guanidine and methylguanidine 
supposedly have been measured by the non-specific alkaline nitroprusside- 
ferricyanide reagent (33-39) which will not distinguish between the two 
compounds. 

The procedures presented in this paper differ from previous methods in 
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TABLE IIT 


Guanidinium Compounds in Adult Male 


Blood Urine 
Methods® and Methods* and 
(mg. per 100 mi.) iterature 
Creatinine 
0.6 95-100% of picric acid value 
1.3 2 (65) 90-100% 2b (22) 
0.6 2b (18) 95-97% “ ‘* sig 5 3b (9) 
0.5 3 (18) Same as picric acid value 6 (26) 
0.7 6 (26) 
0.7 2a} (25) 
0.46 Yay (24) 
(Creatine 
3.7 160 ing, per day 
40 7.0 Yo (Hh) = (6) 
2.44 fie (20) me. per day (7) 
y per ml. (20) 
None detected Ye (O8) 
Arginine 
1.6 | | 32 mg. per day | 
1.5 | 5e§ (69) | ee d (70) 
0.99 d (71) | 
Guanidinoacetic acid 
<0.3 45 mg. per day 
0.33 4c (72) 4c (73) 
Guanidine 
<0.04 | <2 mg. per day 
0.2 -0.3 | 7 (74, 34) Maen oo 7 (33) 
Methylguanidine | 
<0.02 | <1 mg. per day | 
0.2 -0.3 7 (74, 34) | ao | 7 (33) 


* Color reactions, (1) diacetyl, (2) picric acid, (8) dinitrobenzoic acid, (4) a- 
naphthol-NaOCl, (5) ninhydrin, (6) K-Hg thiocyanate, (7) nitroprusside-ferricya- 
nide. (a) Enzyme incubation, (0) fullers’ earth, (c) ion exchange, (d) microbiological, 
(e) heat in the presence of mineral acid, (f) heat in the presence of picric acid, (g) 
oxidation of interfering reducing compounds. 

tSerum. t{ Calculated from separate analysis of plasma and erythrocytes. 


§ Plasma. 
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that a modified Sakaguchi color reaction (40) is used for every compound. 
Although studies on the specificity of this color reaction have been made by 
Poller (41) and Mold et al. (42), the reaction has been further checked for 
specificity.° Of the Sakaguchi-positive compounds, only arginine, guani- 
dinoacetic acid, and methylguanidine have been thought to occur in normal 
blood and urine (43). The data in the paper show that methylguanidine 
is nota normal constituent. The apparent isolation of this compound from 
blood and urine by other investigators (44-47) was explained by Ewins in 
1916 (48), Greenwald in 1919 (49), and Baumann and Ingvaldsen in 1918 
(50), when they showed that mercury and silver salts used in the various 
isolation procedures converted creatinine to methylguanidine,  lnvestiga- 
tors Who have attempted to isolate the compound without employing the 
metal salle have failed to find methylpuamdine (1), Phe detection of the 
compound normal blood by previous workers can probably be attributed 
fo the non of the colormetne methods C87), 

Modifications of the Sakaguchi color reaction have been many (40, 41, 44, 
D257). In our investigation i was found that a solution of sodium thie: 
sulfate could be used instead of urea (58) and that the addition of thymine 
(5-methyluracil) to the reaction mixture further increased the stability and 
intensified the color 6-fold (Mig. 1). It is thought that thymine produces a 
more favorable oxidation potential for the colored complex, since either ex- 
cess thymine or sodium hypochlorite decreased the color. Fig. 2 shows 
standard curves for the guanidinium compounds plotted on a molar basis. 
The fact that the curve for guanidine is much lower than that for methyl- 
guanidine is probably the result of very incomplete (only 25 per cent) meth- 
ylation to methylguanidine or perhaps the formation of some other com- 
pound. 

5100 naturally occurring biological compounds were screened for interference. 
The following compounds when added to blood at levels of at least 200 mg. per 
100 ml. produced no interference either by failing to produce any color which could 
likely be mistaken with that given in the Sakaguchi color reaction with the com- 
pounds measured or by preventing proper color development: the commercially 
available purines, pyrimidines, nucleotides, nucleosides and nucleic acids, the amino 
acids including ornithine and glutamine, the water-soluble and fat-soluble vitamins 
(including vitamin P), the mono-, di-, and polysaccharides, the citric acid cycle com- 
pounds, ketone bodies, common steroids and bile acids, bile pigments, fatty acids, 
di- and tripeptides, and the miscellaneous compounds sarcosine, histamine, furfural, 
phenylacetic acid. 50 commonly used drugs were also checked for interference. 
These included the most important antibiotics, analgesics, antispasmodics, cardio- 
vascular agents, sedatives, antihistaminics, parasympathomimetics, antimalarials, 
alkaloids, the xanthines, and curare. Penicillin above concentrations of 500 units 
per ml. and streptomycin above concentrations of 200 mg. per 100 ml. of fluid inter- 
fered by preventing the color reaction. Hemin interferes by forming a black color. 
Urea in amounts greater than 3.0 mg. per color tube prevented proper color develop- 
ment. Only arginine, guanidinoacetic acid, and methylguanidine gave a positive 
reaction. 
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Arginine is separated from guanidinoacetic acid by a Ba(OH).-ZnSO, 
protein precipitation (58). The amount of arginine that can be removed 
by this process is limited, in that amounts greater than 15 mg. per 100 ml. 
of blood or urine (diluted 1:10) are incompletely removed. Since methy]- 
guanidine could not be detected in normal blood or urine filtrates, it is as- 
sumed that only these two Sakaguchi-positive compounds are present. 

In 1939 Riegert reported the use of the Sakaguchi color reaction in the 
measurement of creatinine. He converted creatinine to methylguanidine 
by heating for 5 minutes in the presence of HgO and alkali (59). It was 


WITHOUT THYMINE 
WITH THYMINE 


OPTICAL DENSITY 


MICROGRAMS ME THYLGUANIDINE 


Fig. 1. Effect of thymine on the intensity of the Sakaguchi color reaction. To 
2 ml. of methylguanidine solution in the colorimeter tubes was added either 0.5 ml. of 
a 50:50 mixture of 10 per cent NaOH and 0.04 per cent a-naphthol or 0.5 ml. of the 
same mixture containing 2.5 mg. of thymine. The colors were developed as under 
‘‘Procedures”’ at room temperature. 


found in our laboratory that 20 per cent of the creatinine (or methylguani- 
dine) was destroyed under these conditions. Furthermore, as much as 50 
per cent of the creatine present was converted to methylguanidine. All 
attempts to convert creatinine to methylguanidine selectively by heating 
with various inorganic oxidizing agents (Cut*+, Hgt*, Cet*) were unsuccess- 
ful. 

An investigation of the alkaline picrate reaction revealed a possible pro- 
cedure for converting creatinine, but not creatine, to methylguanidine. 
The reaction product of creatinine and picric acid in the presence of alkali 
was found to be methylguanidine. This suggested that the chromogen 
formed in the alkaline picrate reaction was a reduction product of picric 
acid, rather than a tautomer of creatinine picrate as previously suggested 
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(60-63). This would explain why many reducing compounds interfere in 
the alkaline picrate method. 


1.0 T T T T T T T T 


METHYLGUANIDINE 
CREATININE 


oal- CREATINE 
ARGININE 

e GUANIDINOACETIC ACID 

© GUANIDINE 

Y 06 

uu 

OA 


10 x10" MOLES 
Fria, 2. Standard curves of the guanidinium compounds. All colors developed as 


under “Procedures.’’ All solutions were made up to an equal volume of 3.1 ml. 
with water before reading at 515 my. 


H—C——C=0 0=C—C=0 
CH.—N NH -+- CH,—N NH + 
i 
NH NH 


CREATININE O-NITROBENZ ALDEHYDE OXALYLME THYLGUANIDINE 


o=C—c=0 CH, H 
NH H.O _» \/ \/ + 
2 COOH 
NH NH 


METHYLGUANIDINE OXALIC ACID 
Fic. 3. Mechanism of conversion of creatinine to methylguanidine 


Several nitrobenzene compounds were tested for their ability to oxidize 
creatinine to methylguanidine. o-Nitrobenzaldehyde was found to be very 
effective in this conversion and the mechanism in Fig. 3 is proposed. 
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The oxidation reaction proceeds rapidly in the presence of alkali without 
application of heat; therefore, the conversion of creatine to creatinine and 
the destruction of methylguanidine are negligible. ‘The hydrolysis reaction 
proceeds rapidly at a neutral pH with the application of heat. Methyl- 
guanidine is not destroyed and the o-nitrobenzaldehyde exerts no oxidizing 
action under these conditions; therefore, any creatinine formed from crea- 
tine in the heating process is not converted to methylguanidine. o0-Nitro- 
benzaldehyde has an additional advantage in that the reaction mixture is 
colorless and does not interfere in the Sakaguchi color reaction. The yield 
of methylguanidine from creatinine was 95 per cent. 

Oxalylmethylguanidine was isolated from a reaction mixture and identi- 
fied by melting point and mixture melting point with the compound syn- 
thesized by the method of Traube and Gorniak (64). 


SUMMARY 


New analytical methods for the guanidinium compounds are presented: 
The average values in whole blood were found to be as follows: creatinine 
0.6, creatine 2.7, arginine 1.6, guanidinoacetic acid less than 0.3, guanidine 
less than 0.04, and methylguanidine less than 0.02 mg. per 100 ml. ‘The 
average amounts excreted in the urine were found to be as follows: creatine 
less than 150, arginine 32, guanidinoacetic acid 45, guanidine less than 2, 
and methylguanidine less than 1 mg. per day. ‘The urinary creatinine 
values were for all practical purposes identical with those obtained with the 


alkaline picrate procedure, 
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The pancreas has proved to be a convenient organ in which to study both 
protein synthesis and associated changes in nucleic acid metabolism (1-4). 
However, little attention has been given to the possible relationship be- 
tween the protein content of the pancreas and the production and secretion 
of pancreatic enzymes. Daly and Mirsky (2) found no change in protein 
concentration of the mouse pancreas after stimulating excretion of pan- 
creatic enzymes by pilocarpine administration and on this basis suggested 
that pancreatic excretory enzymes may be formed from rapidly synthe- 
sized, enzymatically inactive precursor proteins. Naselsky (5) had pre- 
viously reported decreases in protein concentration of the dog pancreas 
after secretin administration. 

During a study of the effects of ethionine upon protein metabolism in 
the rat pancreas (6), the protein content of the pancreas was found to paral- 
lel the levels of amylase and total proteolytic enzyme activities. This 
prompted the present study in which a similar parallelism between proteim 
content and enzyme levels has now been observed in normal rats imjeeted 
with parasympathomimetic drugs at different time intervals before saeri- 
fice. We have also measured the incorporation of radioactive amino acids 
into protein im vivo and have found characteristic changes in the pancreas 
after stimulation, in agreement with the results of Daly ef al. (7), of Allfrey 
cl al, (8), and of Fernandes and Junqueira (9). 


EXPERIMENTAL 


White rats of the Wistar (Carworth Farms) and Sprague-Dawley strains 
of both sexes, weighing from 150 to 300 gm., were maintained on Purina 
dog checkers until the time of intramuscular injection of aqueous pilocar- 
pine hydrochloride or carbamylcholine (Doryl, Merck), when food and wa- 
ter were removed. In each experiment, groups of three rats each were 
sacrificed by a blow on the head at different time intervals after the admin- 
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istration of pilocarpine (4 mg. per 100 gm. of body weight) or carbamyl- 
choline (0.0125 mg.). A control group received no secretory stimulant. 

The pancreas was rapidly removed in toto, chilled, and weighed, care 
being taken to exclude surrounding adipose tissue and lymph nodes. Part 
of the organ was homogenized in ice-cold 0.02 mM phosphate buffer, pH 7.6, 
and diluted to an appropriate concentration. Suitable aliquots were added 
to an equal volume of cold 10 per cent trichloroacetic acid (TCA) for pro- 
tein and radioactivity determinations and the remainder was stored at 
—15°. An aliquot of the pancreas was placed in ice-cold 10 per cent TCA 
for nucleic acid determination. 

Enzyme Determinations—The pancreatic suspensions were analyzed for 
amylase activity by the method of Smith and Roe (10). In one of the 
experiments, total proteolytic activity of the pancreas was also determined 
by the hemoglobin method of Anson (11), following activation by entero- 
kinase (12) prepared from dog duodenal and upper jejunal mucosa (13). 

Protein and Nucleic Acid Determinations—Protein was determined spec- 
trophotometrically by either the modified Folin method of Lowry et al. 
(14) or the biuret method of Gornall et al. (15) and by micro-Kjeldahl de- 
termination (16) on the TCA precipitates from suitable aliquots of the 
pancreas. The aliquots were washed in succession with 4 per cent TCA, 
95 per cent ethanol, warm ethanol-ethy! ether mixture (3:1), and ethyl 
ether. For protein N determination, ammonia was measured by nessleri- 
zation of the digested protein, after removal of some of the Hg catalyst 
with Nass and of HLS by boiling, Por the measurement of protein, the 
washed ‘TCA precipitate was dissolved in 2.5 N NaOH in a boiling water 
bath and then diluted with HO to a fittal concentration of O5 
‘Total nucleie F017) was determined in hot PCA extracts of the lpide 
extracted TCA precipitate (1K) from the separate aliquot, 

Amino Acid Incorporation Vn these experiments, the procedure was the 
same as that deaenbed above with the addition of the intraperitoneal m- 
jection of the radioactive amino acid. In Experiment 70, an aqueous so- 
lution of L-valine, biologically labeled with C'™, was administered 30 min- 
utes before the sacrifice of each animal. ‘The solution contained 0.18 mg. 
of t-valine and 1.1 X 10° measured counts per minute per administered 
dose. In Experiment 71, the aliquot of the solution, administered 15 min- 
utes before sacrifice, contained 0.025 mg. of L-leucine, biologically labeled 
with C™ and having 1.74 X 10° measured counts per minute. The valine 
was in part generously supplied by Dr. H. Tarver. The remainder of the 
valine and the leucine were purchased from the Nuclear Instrument and 
Chemical Corporation on allocation from the United States Atomic Energy 
Commission. The valine samples from the two different sources were 
mixed before use. 

In these experiments, the weights of the rats used were within 10 gm. 
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of each other. Aliquots of the pancreatic homogenate (see above) were 
added to an equal volume of 10 per cent TCA and the precipitate was sub- 
sequently washed four times with 4 per cent TCA, once each with acetone, 
95 per cent ethanol, warm ethanol-ethyl ether mixture (3:1), and ethyl 
ether. 5 mg. of the corresponding non-radioactive amino acid were added 
to the second and third TCA washes. The dried protein powder was 
plated on Whatman No. 50 filter paper and counted in a windowless flow 
counter to a precision of 3 per cent. The quantity of protein in the counted 
sample was determined by micro-Kjeldahl and nesslerization (see above). 
The counts were corrected to 0 mg. by a self-absorption curve. The total 
radioactivity in the first two TCA washes (acid-soluble radioactivity) was 
determined by plating aliquots on stainless steel planchets after concen- 
trating the solutions to a small volume (5.0 ml.). 

Parotid Gland—The amylase activity, protein N content, amino acid in- 
corporation into protein, and acid-soluble radioactivity were also deter- 
mined in the pooled parotid glands of each rat by the same methods as 
used with the pancreas. 

Atropine Experiments—The experimental procedures were the same as 
those outlined above except that aqueous atropine sulfate, 0.4 mg. per 100 
gm. of body weight, was administered intramuscularly at varying time 
intervals before sacrifice of the animals. 


Pancreatic Changes after Stimulation rom the results shown im ‘Table 
litis apparent that a decrease i pancreas wemht, protemni N, and protein 
Wid amylase generally oecurred after of carbamyl 
choline or pulocarpine ‘Phe total proteolytic aetivities, in one 
expenment (No 71), closely followed the amylase activities, Tn contrast, 
the total nueclere acid Po remained constant, agreement with the results 
obtamed by other workers (1-4). 

The relative values of the protem and amylase activities at different 
time intervals after stimulation were not completely reproducible. In 
some experiments, maximal loss occurred 1.5 hours after stimulation, while 
in others the greatest depletion was seen at 4 hours. However, regardless 
of the rapidity of fall, the levels were always low at the 4 hour interval 
(with the exception of Experiment 65) and began to rise only after this 
time period. The rate of loss of protein and amylase must therefore be 
greater than the rate of their resynthesis until after the 4 hour time period. 
Following this, the levels returned toward the range of values seen in the 
unstimulated animals; hence, by 7 hours, the amylase and protein values 
were always higher than those at the 4 hour period and were sometimes 
above the levels of the zero control animals. 

The decreases in pancreas weights with stimulation were variable, being 
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statistically significant in some experiments and not so in others. The 
protein concentration, in contrast to the total pancreatic protein, reflected 
these differences. It was considerably below the control levels when no 


TABLE I 


Changes in Composition of Rat Pancreas at Different Times after Stimulation 
by Parasympathomimetic Drugs 


- | Parasym- | Time after administration of stimulant 
| | Determinations | 
No 
agent® 0 hr. (0.75 hr. | 1.5 hrs. 4.0 hrs. | 5.5 hrs. | 7 hrs. 
57 Q | Carb- Pancreas 468 376 | | 
weight{ +27 +17 
chol- | Protein N§ 11.6 9.1 
ine +0.3 +0.6 
75.8 53.3 
+5.9 +3.8 
65 9 Pancreas 341 337 308 372 
weightt +7 +20 +19 +10 
Amylase{ 16.6 10 17.1 20.9 
+0.4 +0.8 +2.4 +0.6 
Protein N§ 8.6 7.9 7.6 9.1 
+0.1 +0.6 +0.7 +0.1 
ae 50.5 43.1 43.3 56.0 
+1.1 +3.9 +3.2 +1.1 
66 o | Pilo- Pancreas 312 317 275 345 
car- weightt +7 +38 +13 +10 
pine | Amylase¥ 22.9 14.0 9.6 25.8 
+4.4 +1.4 +0.8 
Protein N§ 7.0 10.8 
0.1 £0.4 £04 
54.0 | 417 50.0 
p24 142 
Amylase 28.1 19.6 74 
40.6 | 40.6 
Protein N§ 10.8 10.3 8.6 0.5 
+0.4 | 40.2 +0.6 +0.5 
49.6 | 50.5 40.6 46.4 
+1.7 | 40.9 +1.9 +3.9 
70 9 Pancreas 443 409 445 
weight} +20 +30 | +28 
Amylase] 41.1 13.1 | 24.9 
+3.5 +0.8 | 42.2 
Protein N§ 12.6 10.7} 11.5 
+0.6 +1.1 | +1.0 
Total nucleic! 0.98 1.01} 0.93 
acid P§ +0.06 +0.11) +0.22 
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TABLE I—Concluded 


Experi- | Patasym- Time after administration of stimulant 
ment — Determinationst 
No. agent* Ohr. 0.75 hr.| 1.5 hrs. | 2.5hrs.| 4.0 hrs. | 5.S hrs. | 7 hrs. 
ilo Pancreas 312 265 270 309 
weightt +19 +12 +6 +30 
Amylase§ 29.4 14.8 7.5 23 .6 
+0.7 +0.4 +0.6 +3.0 
Total proteo-| 4.5 2.4 1.5 4.0 
lytic activ-| +0.1 +0.1 +0.1 +0.5 
ity tT 
Protein N§ 8.9 6.4 6.7 8.0 
+0.7 +0.7 +0.6 +1.4 
Total nucleic! 0.98) 0.87 0.93} 0.97 
acid P§ +0.10 +0.03) +0.02 +0.10 
72 9 Pancreas 483 409 408 415 
| weight t +38 +24 +10 +33 
Amylase§ 47 9.3 10.5 23.8 
+4.3 +0.4 +0.8 +0.9 
Protein N§ 15.1 11.5 10.6 11.7 
| +1.2 +0.8 +0.6 +0.9 


* See the text for dosage. 

t Each value is the mean of the results for three animals + standard error of the 
mean, 

t Mg. per 100 gm. of body weight. 

§ Mg. per pancreas per 100 gm. of body weight. 

| Mg. per pancreas per 100 gm. of body weight (Lowry et al. (14)). 

“Smith and Roe units per pancreas per 100 gm. of body weight * 10°, 

** Mg. per pancreas per 100 gm. of body weight (biuret (15)). 

Units per pancreas per 100 gm, of body weight 


change im pancreas weight occurred and closer to the control values when 
the pancreas lost weight, These differences no doubt indieate that) the 
loss Of water, the major component of the panereas, was variable under 
the experimental conditions used, 

To determine the magnitude and the statistical significance of the 
changes in protein content and amylase activity, the values at zero time 
(unstimulated) and at the time of maximal depletion from all groups of 
animals, except those which received atropine and piloearpine, were ex- 
pressed as a per cent of the mean value of the control group for each ex- 
periment and are recorded in Table II. The mean decrease in protein was 
20 per cent and in amylase activity 64 per cent, each value being signifi- 
cantly different from the values of the zero time group. 

A composite picture of the changes in pancreas weight, pancreatic pro- 
tein, and amylase and total proteolytic activities, obtained by combining 
the results from all experiments, except those with atropine, is presented 
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in Fig. 1. It is apparent in Fig. 1 that maximal depletion occurs between 
2 to 4 hours after stimulation and that resynthesis occurs after 4 hours. 


TABLE II 


Comparison of Protein Content and Amylase Activity between Unstimulated 
and Maximally Stimulated Rat Pancreas 


Protein content Amylase activity 
Experiment No. 
Unstimulated Stimulated Unstimulated | Stimulated 
per ceni* per cent* per cent* | per cent* 
57 106 86 
98 79 
97 70 
65 99 84 96 ot 
99 106 99 69 
102 86 105 57 
66 102 73 101 32 
7 62 96 41 
100 79 103 53 
67 97 73 96 25 
97 85 101 27 
106 79 102 31 
68 95 9] 105 46 
108 94 96 35 
97 41 
ou 112 S84 114 50 
SS SY 2:3 
101 4 26 
70 79 87 
7A 
10s 116 $4 
bit ah 
43 
i? 
ao 
Mean + se Wt 16 | 4 281 


* The values for individual animals are expressed as a per cent of the mean value 
in the unstimulated group of each experiment. The values in the “Stimulated” 
columns are from the group showing maximal amylase depletion. 

tP < 0.001 (highly significant). 


Although in some experiments the enzyme and protein levels at 7 hours 
were above those of the zero time controls, this was not a constant phenom- 
enon; hence the mean value at 7 hours is somewhat below 100 per cent. 


| 
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From the above results, it was obvious that, in the rat, pilocarpine or 
carbamylcholine does not produce a sudden maximal ejection of preformed 
enzyme. Rather, the action of these agents is prolonged, reaching maxi- 


WW 
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U 11 
20 
x 
oF 
PANCREAS WELOGHT 
POF & PIOTEIN 
AMYLASE ACTIVITY 
Oe O PROTEOLYTIC ACTIVITY 
O 4 A 5 7 


AP TER STIMULATION HOURS 
Changes, With weight, panereatio protein, and in 
total tie activities Tallawing efimulation with pilvearpine os 
The pointe are the means for all animale aacrifieed af that tine 
interval and the numbers beside the pointe indicate the number of animale Phe 
values represent the percentage change from the mean of the cero time control in 
mg oor unite per panereas per LOO gm. of body weight 


mal effeets after about 2 to 4 hours. This conclusion is supported by the 
experiments with atropine sulfate, recorded in Table IIT, where it is 
shown that the injection of atropine even as late as 2 hours after pilocar- 
pine prevented the maximal depletion of amylase activity. 

Amino Acid Incorporation—The relatively large changes in protein con- 
tent after cholinergic stimulation prompted the experiments on radioactive 
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amino acid incorporation into pancreatic protein recorded in Table IV: 
Here, it is seen that the total radioactivity in the pancreatic protein was 
greater after pilocarpine administration than before stimulation. In the 
experiment in which the labeled amino acid was administered 15 minutes 
before sacrifice, the results were more variable and therefore less reliable 
than in the 30 minute interval experiment. The results are expressed as 
radioactivity per total pancreatic protein rather than as specific activity 
(radioactivity per unit weight of protein) and are therefore corrected for 
differences in the size of the non-radioactive protein pool diluting the radio- 
active proteins. The differences in the specific activities between the stim- 


TaBLeE III 


Effect of Administration of Atropine upon Amylase Depletion 
of Rat Pancreas by Pilocarpine 


: | Time of pilocarpine Time of atropine a8 
Experiment No. | administration administration Amylase activity 
! before sacrifice* | before sacrifice* 
| | units per pancreas per 100 gm. 
None 0.25 29.1 + 0.8f 
3.5 None 11.8 + 1.0 
3.5 1.5 20.2 + 4.0 
3.5 2.75 27.1 + 2.0 
69§ None 1.0 49.8 + 4.3 
| 4.0 None | 16.4 + 4.2 
| 4.0 


3.0 23.4 + 2.0 


* See the text for dosage. 

} Wistar (Carworth Farms) rats. 

t Keach value is the mean of the results for three animals 4 standard error of the 
mean, 

§ Sprague Dawley rats. 


Hlated anid groups were of course much larger than were the 
differences in aetivities per 

This the protein within a defined Cine interval 
could be die Co Ob) epecitie aetivity ob Che 
rate ot incorporation of the aeid inte protein with equal 
or decreased specific activity of the preeurser free amine or a 
combination of and (2). Ideally, in order to interpret the meaning of 
the differences in the radioactivity in the protein, one should know the 
specific activity of the free amino acid at the time of incorporation, Since 
this changes with time, an integrated value over the time allowed for in- 
corporation would be desirable. To obtain this value would have neces- 
sitated the sacrifice of many animals at very short periods of time after 
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the administration of the secretory stimulant. As an approximation to 
this, the total non-protein, acid-soluble radioactivity was determined at 
the time of sacrifice and the time of incorporation was made short in order 
to obtain a better measure of the free radioactivity at the time of incorpora- 
tion. As recorded in Table IV, the free non-protein radioactivity at 15 
and 30 minutes was less in the stimulated than in the non-stimulated 
groups. It is therefore very probable that the increased radioactivity in 
the protein is due to an increased rate of amino acid incorporation into the 
proteins of the pancreas rather than to an increased specific activity of the 
free amino acid. 


TaBLe IV 
Protein and Acid-Soluble Radioactivity in Unstimulated and Stimulated Rat Pancreas 
. | . Radioactivity, c.p.m. per pancreas per 100 
T fter T ft 
Experiment | Radioactive amino gm. body weight X 107% 
No. acid* tion of amino, administra- | _ 
| Protein Acid-soluble 
| min | hrs. 
| 317.2421 0840.1 
| 5.5 | 0840.1 
71 |  L-Leucine | 15 65+1.1 | 3.740.2 
| | 6.2413 3420.1 
| 8.24 1.3 | 2.5 + 0.6 


| | | : 3.0 + 0.3 


* Both amino acids biologically labeled with C™ (see the text). 
} Interval between the time of administration of the radioactive amino acid and 


the time of sacrifice. 
{ leach value is the mean of the results for three animals 4+ standard error of the 


Parotid Gland ‘Vhe chatives ii atiylase aetivity, ii the 
rachowetivity in the soluble traction of this gland were 
be those di Che pancreas, ae outlined above Thawever, 
HO parotid Weight or protein content would be detected 
Hhe Chie glad Wie to be lees that per cent a 
wetivity the and eines the parotid: secretion te te 
contain far fewer enzyines than panereatio secretion (19, the te 
finda change in parotid protem content after stimulation is not surprising. 


DISCUSSION 


The present study has shown that enzyme secretion by the rat pancreas, 
when stimulated by pilocarpine or carbamyleholine, is accompanied by a 
measurable decrease in protein content of the pancreas. This conclusion 
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appears to be in conflict with the results of Daly and Mirsky (2) who re- 
ported no detectable change in protein concentration of the mouse pan- 
creas on stimulation. The discrepancy, however, is only apparent since 
Daly and Mirsky measured protein concentration while we measured both 
concentration and total amount per pancreas. In many (but not all) of our 
experiments, the protein concentration was only slightly less in the stimu- 
lated than in the control animals. In contrast, the magnitude of the de- 
crease in total protein was always considerable. 

The rat pancreas under the conditions of this study lost about 64 per 
cent of its amylase and about 20 per cent of its protein when stimulated by 
pilocarpine or carbamylcholine. It is interesting that this experimental 
value for protein loss is very close to that calculated by Daly and Mirsky 
(2). These workers estimated from the specific activities of the known 
purified pancreatic enzymes that about 20 per cent of the pancreatic pro- 
tein should be enzyme protein when the enzyme activities in the gland are 
at their maxima. 

The results from the experiments with radioactive amino acids are of 
special interest. Daly et al. (7), Allfrey et al. (8), and Fernandes and 
Junqueira (9) reported an increased uptake of labeled amino acids into 
pancreatic protein in mice and pigeons following stimulation of enzyme 
secretion by feeding or by carbamylcholine. Our study shows the same 
phenomenon in the rat pancreas following pilocarpine. 

However, the interpretation of such radioactivity experiments in vivo is 
frequently difficult, owing to the many factors which may influence the 
results. In these pancreas experiments, a major complicating factor is the 
increased vascularity of the organ when it is stimulated to secrete enzymes. 
This increased blood supply allows for the possibility that the pancreatic 
cells will extract more of the radioactive amino acid from the blood. This 
might result in more radioactivity in the protein by increasing the specific 
activity of the free tissue amino acid without any change in the rate of 
amino acid incorporation. 

Judging from the results of our study, this complicating factor is prob- 
ably of no great importance, Since the time periods of incorporation were 
short and since the acid-soluble radioactivity was less in the stimulated 
than in the dnstinulated pancreas, it is very probable (hat the inereased 
Of isotope in the protein in our experiments (and by inference in 
those of the other investigators represents a trie in the up 
lokhe of amine acids into protein, One can therefore lontatively conclude 
that the logs of enzymes from the pancreas after stimulation is followed by 
an inereased rate of protein synthesis during the next few hours. ‘This is 
consistent with the results of Magee and Anderson (20) who found that 
the pancreas of rats repeatedly injected with the secretory stimulant, 
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Urecholine, were heavier and contained more trypsin and lipase than did 
control animals. 

This conclusion from results in vivo is contrary to that of Hokin and 
Schucher (21, 22) derived from studies in vitro. In investigations of the 
synthesis of amylase, lipase, and ribonuclease in tissue slices, they found 
no effect of enzyme secretion upon the rate of enzyme synthesis. This 
discrepancy cannot at present be resolved. 

The results of this study do not lend support to the suggestion of Daly 
and Mirsky (2) that pancreatic excretory enzymes may have rapidly syn- 
thesized enzymatically inactive proteins as precursors. On the contrary, 
the close parallelism between enzyme activity and protein content suggests 
that large molecular weight acid-insoluble peptides probably do not occur 
in any measurable quantities during the time of resynthesis of pancreatic 
enzymes. Our results are consistent with, but do not prove, the hypothe- 
sis that the pancreatic secretory enzymes are synthesized directly from 
amino acids or from acid-soluble products derived from amino acids. 


SUMMARY 


1. A measurable loss of pancreatic protein and a decrease in average 
pancreatic weight accompanied enzyme depletion of the rat pancreas by 
pilocarpine or carbamylcholine. The total nucleic acid P remained un- 
changed. 

2. The maximal loss in protein after pancreatic stimulation was about 
20 per cent as compared to a 64 per cent loss of amylase activity and, in 
one experiment, a 67 per cent loss of total proteolytic activity. Although 
the rapidity of the fall of pancreatic enzyme activities and protein content 
was somewhat variable, the levels were always low 4 hours after stimulation 
and a return toward normal was never observed until more than 4 hours 
after stimulation, 

3. The extent of radioactive amino acid incorporation into pancreatic 
protein increased 4 hours after pilocarpine administration, Since the non- 
protein acid-soluble radioactivity was less in the stimulated than in the 
Hiistimulated animals, the increased mecorporation im the proteim: is imter- 
preted as iidienting an accelerated rate of protemi 

‘The engyine and protein content of the pancreas continies to decrease 
Wp tod alter (he of 
long ae alter pilocaipine, prevented Che depletion 
aetivity Prot Che Cherefare, a pie 
longed on engyine secretion From the rat pancreas 

‘The results of this study do not support the hypethesia that pan 
crentic exeretory enzymes have rapidly syothesized enzymatically inaetive 
Profemns as precursors, 
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A SPECTROPHOTOMETRIC METHOD FOR DETERMINATION 
OF CYSTEINE AND RELATED COMPOUNDS 


By Y. AVI-DOR anp J. MAGER* 


(From the Israeli Institute for Biological Research, Ness Ziona, Israel) 


(Received for publication, February 2, 1956) 


The voluminous literature on the methods of cysteine determination has 
been reviewed by several authors (1-3). Most of the proposed methods 
will not differentiate between cysteine and cysteine-containing peptides. 
The Sullivan method with its numerous modifications (4, 5), though widely 
used, has not yet, however, evolved to an entirely satisfactory procedure 
(3). The absorption of cysteine in the ultraviolet region of the spectrum 
lacks a characteristic peak and is of a relatively low intensity; therefore, 
its exploitation for analytical purposes (6, 7) seems to be of rather limited 
value. The sensitive spectrophotometric method, based on the increase 
in absorbency in the 250 mu region accompanying mercaptide formation 
with p-chloromercuribenzoate, cannot be specifically applied for cysteine 
estimation, as this reaction is shared by thiol compounds in general (8). 

In the course of a study of the inhibitory effect of fluoropyruvic acid on 
the respiration of microorganisms! and mitochondrial preparations,” it was 
noted that thiol compounds are able to prevent the inhibitory action of 
fluoropyruvate. Further investigation revealed that, as a result of inter- 
action between fluoropyruvate and thiol compounds, the —SH groups dis- 
appear and equivalent amounts of hydrofluoric acid are liberated. The ab- 
sorption spectra of the reaction products show well defined peaks in the 
ultraviolet region. The utilization of this phenomenon for the determina- 
tion of cysteine and related compounds forms the subject of the present 
communication. 


Materials and Methods 


The thiol compounds used were purchased from commercial sources, and 
their —SH content was checked by iodometrie (2) or ferricyanide titra- 
lions (9). N-Acetyleysteine was a gilt of Dr Th J. Strecker (New York 
Ntate Psychiatiie Tistitute) acid was synthesized accord, 
Wig tothe method of efal (10) Methyl bromopyrivate wae a gill 
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bromopyruvic acid was obtained by shaking overnight at room tempera- 
ture an acidified emulsion of the methyl ester in water. Inorganic fluorine 
was determined by titration with thorium nitrate with sodium alizarine- 
sulfonate as indicator (11). The absorption spectra were studied in the 
Beckman spectrophotometer, model DU, with the use of silica cells of 1 em. 
light path. 
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Fic. 1. A, the ultraviolet spectra of the reaction products of fluoropyruvie acid 
with cysteine, O; mercaptoethylamine, @; homocysteine, 0. Values for homocys- 
teine may be somewhat low, as the concentration of the solution has not been 
checked titrimetrically. B, N-Acetylcysteine, A; glutathione, Q; thiomalic acid, A; 
thioglycolic acid, @. Experimental conditions as described in text under ‘‘Standard 
procedure.”’ 


Results 


Spectra—The ultraviolet absorption spectra of the reaction products of 
various mercaptans with fluoropyruvate are shown in Fig. 1, A and B. As 
can be seen, the peaks appear in the 265 to 275 my region (type I spectrum) 
if the thiol compound participating in the reaction possesses no unsubsti- 
tuted amino group in the @ or # positions relative to the — SH group (Hig. 
1,4). On the other hand, cysteine and other related compounds give rise 
to the formation of derivatives characterized by a peak at SOO mig (type TT 
spectrum, see 1, A) ‘The molecular extinetion coefficient is 
higher for type (Ces, = tole for cysteine) 
type bderivatives (ey, 64 tole for ghitathione) 
lia few experiments in which was teed of 
in the reaction with thigh compounds, essentially identical spectra 
were obtained. 
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Stoichtometry—When the concentration of the fluoropyruvic acid was 
kept constant and that of cysteine was gradually increased, the light ex- 
tinction at 300 muy increased in a nearly exponential fashion, approaching a 
maximal value with a 2.5-fold excess of cysteine. The concentration of 
—SH groups as measured by the quantitative nitroprusside reaction (12) 


molar extinction «10 ~7 


240 260 280 300 320 
Wavelength (me) 


or iodometrically (2) decreased ii a parallel manner, Concomitantly with 
this reaction, stoichiometric aniounts of hydrothione acid were liberated 
(hig 4) Newtralivation of the resulting acid was necessary in order to 

vos fond to be generally larger with mercaptans lacking an uneubetituted 
aming group than with those related to cysteine, 
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Effect of pH—The velocity of the reaction between fluoropyruvic acid 
and mercaptans was found to be affected by variation of the pH. A more 
detailed study of the pH effect was made in the case of cysteine and gluta- 
thione. By using a large excess of fluoropyruvic acid the course of the re- 
action was found to be of first order. By plotting the velocity constants of 
this pseudomonomolecular reaction against the pH, a sigmoid curve with a 
pK of approximately 7.30 was obtained for both cysteine and glutathione. 
Maximal velocities were reached at pH 8 (Fig. 3). 

The reaction product between cysteine and fluoropyruvic acid showed no 
spectral changes in the range of pH 5 to 10.4. With increasing acidity, 
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cysteine /{fiuoropyruvate rafio 
Fic. 2. The dependence of the absorbency at A300 m,, O, and of the amount of 
hydrofluoric acid liberated, @, on the cysteine-fluoropyruvic acid ratio. The con- 
centration of fluoropyruvic acid was 20 umoles in a total volume of 3.0 ml.; cysteine 
was added in the amounts indicated. Experimental conditions were as described 
under the section on standard procedure. 


however, the peak of the type I spectrum (cysteine-fluoropyruvic acid) at 
300 my was gradually displaced to the 270 my wave-length. This con- 
version of the type I spectrum into type II was complete in 1 Mm HCl solu- 
tions (ig. 4). The transformation was reversible. With the glutathione- 
fluoropyruvie acid compound no shift in the peak (265 my) was observed 
under similar conditions, but its molecular extinction increased considerably 
in strongly acid solution, 

Stability ‘The stability of the eysteine-fluoropyruvie acid compound was 
measured at different pH values at 28° by following the decrease of absorb- 
eney at S00tip. As can be seen from Pig. 5, the stability decreased with 
rising alkalinity, At pl s.5 there was a SO per cent decrease ii absorbency 
alter hours of 
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pH 
Fig. 3. Effect of pH on the velocity of the reaction between fluoropyruvic acid 
and thiol compounds (cysteine, O; GSH, @). The experimental conditions were as 
described under the section on standard procedure, but the pH of the buffer was 
varied. 0.5m phosphate buffer was used in the pH range between 5.8 and 7.0 and 0.5 
m Tris buffer in the range between pH 7.0 and 9.0. 


260280300. 320 
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hia, 4, Ultraviolet spectrum of the cysteine-fluoropyruvie acid compound (@, B, 
A) and of the GSH -fluoropyruvie acid compound (O, O, A) at various pH values. 
O,in HCl; @, HCL; A, A, in ‘Tris buffer, The concentra 
lion of the reactants was 10 times higher than that indieated under the standard 
procedure, ‘The reaction products obtained in Ot were diluted ten tines 
With the respective acid or buffer solutions, 
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Interference—A comparison of type I and type II spectra shows that 
mercaptans without the wnsubstituted amino group, if present in moderate 
excess, will interfere but little with the determination of cysteine. 
If greater accuracy is required and the nature of the interfering thiol com- 
pound is known, the corrected value for cysteine can be found by recording 
the extinction at two different wave-lengths (e.g. at 300 and 270 my) and 
calculating the concentration of the two compounds from two equations. 

Amino acids other than homologues of cysteine (homocysteine) do not 
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Fig. 5. Stability of the cysteine-fluoropyruvic acid compound at different pH 
values. O, in phosphate buffer, pH 5.8; @, in phosphate buffer, pH 7.5; D, in Tris 
buffer, pH 9; A, in Tris buffer, pH 10.4. Final concentration of the buffers, 0.1 m. 
Experimental conditions as in Fig. 4. 


interfere. Thus cysteine added to a 1 per cent solution of casein hydrol- 
ysate could be quantitatively recovered (Fig. 6). 

High concentration of salts (1 m NaCl or 1 m Na2SQ,) which might be 
present in neutralized protein hydrolysates had no effect on the determina- 
tion. Reducing agents, however, such as KCN and Na.S.O, had to be 
excluded. 

The cysteine-fluoropyruvic acid compound exhibited the same extinction 
values in phosphate, tris(hydroxymethyl)aminomethane (Tris), or NaHCO;- 
Na2CQ; buffers of equal pH. 

If the light extinction of the test solution at 300 my is too high to make 
the cysteine determination impracticable, the cysteine-fluoropyruvic acid 
compound can be easily extracted with organic solvents (ether, ethyl ace- 
tate) after acidification of the aqueous solution with HCI] to about pH 1. 
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Standard Procedure for Determination of Cysteine 


Reagents— 

Fluoropyruvic acid. An aqueous solution of 0.02 m fluoropyruviec acid 
was used. When kept in the frozen state, it was stable for at least 
3 months. At neutral pH at room temperature, it deteriorated slowly. 

Standard cysteine solution. A stock solution of 0.1 M cysteine in 0.1 M 
HCl was stored in the deep freeze and was renewed weekly. The stock 
solution was diluted with 0.1 m HCl to the required strength. 

Buffer. 0.5 ™M Tris buffer, pH 8, was used. 


1000} 
900 
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700} 


2 4 6 8 10 12 14 16 
fe moles cysteine »10*/ml. 
Fic. 6. Determination of cysteine. Experimental conditions as described under 
the standard procedure. O, cysteine in pure solution; @, cysteine added to a1 per 
cent casein hydrolysate solution. 


Procedure—To obtain the standard curve 0.2 ml. of 0.02 m fluoropyruvic 
acid, varying amounts (0.1 ml. to 1.0 ml.) of 0.001 m cysteine, and water to 
2.5 ml. were pipetted into a Beckman silica cell (Cell 1). Two control cells 
were used. Cell 2 contained 0.2 ml. of the fluoropyruvic acid solution and 
water to complete the volume to 2.5 ml., and Cell 3 contained 2.5 ml. of 
water. As the light extinction of cysteine at 300 my, in the concentration 
range used, is negligible, the reading of Cell 1 against Cell 2 at this wave- 
length should be close to zero. The reaction was started by adding 0.5 ml. 
of the Tris buffer to each of the three cells. 

When the increase in light absorbency at 300 my in Cell | was measured 
against the control cell containing fluoropyruvate (Cell 2) in 30 second in- 
tervals, maximal extinction was found to be reached in about 2 minutes. 
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Therefore, in routine determinations the complete reaction mixture was 
allowed to stand for 5 minutes before measurements were made. 
The procedure used for cysteine determination in solutions of unknown 
strength was analogous to that described for obtaining the standard curve. 
Under the standard conditions of the assay a linear relationship was ob- 
tained between the concentration of cysteine and the light extinction at 
300 mz. The values plotted in Fig. 6 represent averages from four experi- 
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Fic. 7. Solutions of GSH of various concentration (O) or a mixture of GSH and 
1.0 umole of cysteine (@) were heated under a reflux in graduated test-tubes for 60 
minutes with an equal volume of concentrated phosphoric acid (82 per cent). The 
solutions (hydrolysates) were cooled and diluted to 2.0 ml. with distilled water. 
To a 0.2 ml. aliquot of the hydrolysates, 1.0 ml. of 0.56 Mm NazHPQ,, 0.1 ml. of 0.1 m 
fluoropyruvate, and water to the volume of 3.0 ml. were added, and the light extinc- 
tion was measured at 300 muz against a control containing the same components 


except the hydrolysate. The indicated concentrations refer to final concentrations 
in the Beckman cell. 


ments. Deviations between parallel experiments were within the limit of 
2 per cent. 

Determination of Glutathione—Reduced glutathione (GSH) can be de- 
termined by measuring the extinction of the compound formed with fluoro- 
pyruvate at its peak (265 muy) by the same procedure as described in the 
previous section for the determination of cysteine. In this case, too, a 
linear relationship between GSH concentration and light extinction was 
found to exist within a wide range of concentrations. As, however, the 
molecular extinction of the GSH compound (Ages = 5.6 & 10° cm.? mole) 
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is nearly 10 times lower than that of the analogous cysteine derivative, the 
sensitivity of the method can be considerably increased by converting the 
GSH to cysteinylglycine prior to the reaction with fluoropyruvic 
acid. ‘This can be accomplished in a quantitative manner by heating the 
GSH solution with 1 m phosphoric acid (5). Since the amino group of the 
cysteine in the cysteinylglycine moiety is free, its reaction product with 
fluoropyruvic acid shows a type I spectrum similar to that obtained with 
cysteine. The cysteinylglycine-fluoropyruvate compound was found to 
be much less stable than the analogous compound with cysteine; the spec- 
trophotometric reading, therefore, should not be delayed for more than 5 
minutes after the start of the reaction. A typical determination of GSH by 
this method is exemplified by Fig. 7. From Fig. 7 it can also be seen that, 
in a mixture of cysteine and hydrolyzed GSH, the extinction due to the 
reaction with fluoropyruvic acid, as measured experimentally, is equal to 
the calculated sum of the respective extinctions of the two components. 


DISCUSSION 


The high molecular extinction of the reaction products between thiol 
compounds possessing an unsubstituted amino group in the a or 8 position 
and fluoropyruvic acid allows accurate determination of cysteine and re- 
lated compounds at concentrations as low as 0.02 umole per ml. This sen- 
sitivity is matched only by Boyer’s p-chloromercuribenzoate method (8). 
The wave-length (300 my) used for measurement is well out of the region of 
the absorption maxima of proteins, purines, and pyrimidines. 

As the concentration of the thiol compound is estimated from the increase 
in absorbency at 300 my as a result of its interaction with fluoropyruvic acid, 
the light extinction of the test solution will usually not interfere with the 
measurement. 

The method described does not permit a distinction between cysteine, 
homocysteine, and mercaptoethylamine; it may be useful, however, in dif- 
ferentiating between cysteine and glutathione. 

The chemical reactions leading to the formation of compounds of type I 
and type II spectra (Amax 295 to 300 my and 265 to 275 muy, respectively) 
have not yet been satisfactorily elucidated. The available data (disap- 
pearance of the sulfhydryl group and liberation of an equivalent amount 
of HF) suggest that the primary reaction consists in an alkylation of the 
thiol compound by fluoropyruvic (or bromopyruvic) acid according to the 
following formula: RCH.SH + FCHz,COCOOH—RCH.2SCH2COCOOH + 
HF. The mechanism underlying the auxochromic effect (bathochromic 
shift and increase in molecular extinction), correlated with the presence of 
a free amino group in the thiol compound, is not clear. Further work on 
the isolation and characterization of the reaction products is needed in order 
to clarify these points. 
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SUMMARY 


1. During the interaction between thiol compounds and fluoropyruvic 
acid a compound is formed exhibiting a characteristic spectrum in the ultra- 
violet zone with a peak in the wave-length region between 265 and 275 mu. 

2. With thiol compounds possessing an unsubstituted amino group in 
the a or B position in relation to the thiol group, the peak is shifted to the 
300 my wave-length and the molecular extinction increases nearly ten times. 

3. A spectrophotometric method based on the above phenomenon, suit- 
able for determination of mercaptoethylamine, cysteine, homocysteine, and 
related compounds, is described. 

4. Reduced glutathione can also be determined by the same method after 
its hydrolysis to ecysteinylglycine. 
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THE WHEAT LEAF PHOSPHATASES 
Il. PATHWAYS OF HYDROLYSIS OF SOME NUCLEOTIDES AT pH 5.5* 


By D. W. A. ROBERTS 
(From the Science Service Laboratory, Lethbridge, Alberta, Canada) 


(Received for publication, February 6, 1956) 


In the previous paper in this series (1), the effect of various inhibitors on 
the phosphatases which hydrolyze yeast adenylic acid, muscle adenylic 
acid, guanylic acid, cytidylic acid, and uridylic acid was described. The 
assumption was made that the orthophosphate liberated was derived from 
the added substrate and not from some conversion product of the substrate. 
In the present contribution this assumption will be justified, and evidence 
will be presented to show that enzymes which are present in wheat leaf 
juice catalyze the hydrolysis of adenosine and cytidine. 

The work of Schmidt (2), Ishikawa and Komita (3), and Komita (4) 
shows that enzymes exist which can split sugar phosphates from nucleo- 
tides. Consequently, a search for such enzymes in the preparations of 
wheat leaf juice has been made. 

Kalckar (5) showed that rat liver preparations converted inosine to 
ribose-1-phosphate and hypoxanthine. Therefore, Laskowski (6) raised 
the question of whether the enzymes which apparently hydrolyze the nu- 
cleosides were hydrolytic or phosphorolytic. Since that time, hydrolytic 
nucleosidases have been found in yeast (7), in Lactobacillus pentosus (8), in 
fish muscle (9), and in potatoes (10). Yeast has been found to contain 
both a nucleoside phosphorylase and nucleoside hydrolase (10). It was 
therefore desirable to discover whether the enzyme in wheat leaves is a 
phosphorylase, a hydrolase, or a mixture of the two enzymes. 


Methods 


Enzyme Digests—Preliminary experiments showed that the crude wheat 
leaf juice, prepared in a mechanical juicer as described earlier (1), contained 
substances that interfered with the paper chromatography of some of the 
compounds under test and also produced extraneous spots on paper chro- 
matograms when alkaline silver nitrate was used as a spray reagent. The 
citrate buffer used in the inhibition tests (1) was also found to produce 
spots with the silver nitrate spray. For these reasons citrate buffer was 
replaced in the experiments by acetate buffer, and the crude leaf juice was 


* Contribution No. 1517 from the Botany and Plant Pathology Division, Science 
Service, Canada Department of Agriculture, Ottawa, Ontario. 
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dialyzed against 0.1 m acetate buffer, pH 5.5, in the refrigerator for at least 
16 hours before use. The enzyme digests used in these experiments con- 
sisted of 40 mg. of nucleotide or nucleoside, 1.0 ml. of dialyzed wheat leaf 
juice, 5.0 ml. of 0.1 m acetate buffer, pH 5.5, and a protective layer of tolu- 
ene. Initially, and after various periods of time, 1 to 2 ml. samples were 
removed and inactivated in a boiling water bath (1). In the tests with 
guanylic acid, sufficient sodium hydroxide solution was added after the 
heat treatment to give a final concentration of not less than 0.1 nN. Extra 
sodium hydroxide was added, if needed, to dissolve any white precipitate. 
The samples were filtered and the filtrate was examined by paper chro- 
matography. 

Paper Chromatography—The descending technique of Consden, Gordon, 
and Martin (11) was used. The unknowns were identified by comparing 
their positions on the chromatograms with those of authentic samples 
chromatographed at the same time. Chromatograms on Whatman No. 1 
filter paper were irrigated at room temperature with the following solvents: 
basic propanol (12), consisting of n-propyl alcohol 60 ml., ammonium hy- 
droxide, specific gravity 0.90, 20 ml., and water 20 ml. for 18 hours; solvent 
tertiary butyl alcohol (12), consisting of tertiary butyl alcohol 80 ml., 
water 20 ml., and formic acid, specific gravity 1.2, 5 ml. for 42 hours; iso- 
butyric acid (13), consisting of isobutyric acid 50 ml., water 25 ml., and 
glacial acetic acid 0.5 ml. for 18 hours (purines and pyrimidines) or 42 
hours (phosphates). With the following solvents, Schleicher and Schiill 
No. 589 orange ribbon paper was used: tertiary butyl alcohol and hydro- 
chloric acid (14) for 20 hours; ethyl acetate (15), consisting of ethyl ace- 
tate 30 ml., glacial acetic acid 30 ml., and water 10 ml., at 5° for 42 hours; 
5 per cent aqueous potassium dihydrogen phosphate for 5 hours; methyl 
Cellosolve (15), consisting of methyl Cellosolve 35 ml., methylethy] ketone 
10 ml., ammonium hydroxide, specific gravity 0.90, 3 ml., and water 12 
ml.; and distilled water (16) at 5°. After irrigation, the chromatograms 
were dried in a current of air and sprayed with the appropriate reagents or 
examined under ultraviolet light. ‘To detect ribose and ribose phosphate, 
ammoniacal silver nitrate (17) or aniline phthalate (18) was used. To 
detect orthophosphate and phosphate esters, the Hanes and Isherwood 
spray (19) was used. It was found convenient to replace the hydrogen 
sulfide treatment with a second spraying with the perchlorate-molybdate 
reagent and to allow the chromatogram to dry at room temperature. The 
spots indicating the positions of the labile compounds develop immediately 
and the others after a day or two. The purines, pyrimidines, nucleosides, 
and nucleotides were detected by their rose-purple fluorescence under ultra- 
violet light from a model SL-2537 Mineralight in a darkened room. 

In order to study the possible interconversion of the adenylic acids by 
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the leaf juice preparations and to determine the qualitative composition 
of the yeast adenylic acid used in the survey work on phosphatases, solvent 
systems capable of separating the three adenylic acids were required. The 
ethyl acetate solvent or methyl Cellosolve solvent separated adenosine- 
5’-phosphate from the other two isomers, and 5 per cent aqueous potassium 
dihydrogen phosphate or disodium hydrogen phosphate solvents were satis- 
factory for the separation of adenosine-2’-phosphate from the other two 
isomers. ‘The results in Table I indicate that the yeast adenylic acid was 
a mixture of two compounds, adenosine-2’-phosphate and adenosine-3’- 
phosphate. 

In the chromatography of samples from the experiments on guanylic 


TABLE I 
Separation of Three Adenylic Acids on Filter Paper Chromatograms 


Distance in cm. traveled by compound in solvent system 
Compound 
Ethyl Methvl 5 per cent aqueous | 5 per cent aqueous 
acetate* Cellosolvet KH>PO, NasHPO, 
cm. cm. cm. cm, 
Adenosine-5’-phosphate...... 17.5 22.8 18.8 19.1 
Adenosine-3’-phosphate...... 23.0 27.4 15.8 15.7 
Adenosine-2’-phosphate...... | 22.5 27.0 19.0 18.7 
Yeast adenylic acid.......... | 23.0 | 27.0 | 12.7, 15.8f | 14.7, 16.53 


* Ethyl acetate solvent consists of ethyl acetate 3 ml., glacial acetic acid 3 ml., 
and water 1 ml., run at 5° on orange ribbon filter paper. 

t Solvent consists of methyl Cellosolve 35 ml., methyl ethyl ketone 10 ml., water 
12 ml., and concentrated ammonium hydroxide 3 ml. 

t Two spots. 


acid, the combined use of water, 5 per cent aqueous KH.PO,, and isobutyric 
acid solvents made it possible to identify guanylic acid, guanosine, guanine, 
xanthosine, and xanthine. None of these solvents separated all these com- 
pounds and the guanylic acid was found to be contaminated with guanine. 

Filter Paper Electrophoresis—In an effort to simplify the treatment of 
the guanylic acid digests, filter paper electrophoresis (20, 21) was employed. 
In these trials a potential gradient of 40 volts per cm. and 0.05 m borax 
buffer were used. Although all four degradation products were separated 
when solutions of the knowns in the 0.1 N sodium hydroxide were spotted 
in one place on the paper, guanosine and xanthine were not adequately 
separated from one of the unknowns. 

Analytical Methods—For the determination of the ammonia liberated 
from cytidine, the method of Conway and Byrne (22) was used. The 
samples from the juice for ammonia determination were pipetted directly 
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into the saturated potassium carbonate solution in the Conway cells, where 
the high pH value inactivated the enzymes involved. 

For the determination of ribose residues liberated from adenosine, the 
sugar-reducing method of Nelson (23) was used without the preliminary 
clearing with barium hydroxide and zinc sulfate. 

In the search for the incorporation of the orthophosphate into the labile 
phosphate group of ribose-1-phosphate, 1 ml. samples from the digests were 
pipetted into 10 ml. flasks containing 0.3 ml. of 60 per cent perchloric acid 
and 8.0 ml. of ice-cold water. Each sample was made to 10 ml., shaken, 
and immediately filtered with suction. For the determination of free 
phosphate by the method of Waygood (1, 24) a 1 ml. aliquot of the filtrate 
was transferred into 20 ml. of ice-cold 1 M acetate buffer at pH 4.0 and di- 
luted to 25 ml. The phosphate in ribose-1-phosphate was determined by 
the difference between free phosphate and phosphate in the filtrate which 
was allowed to stand at room temperature for 1 hour before neutralization. 


Results 


Uridylic Acid Hydrolysis—Samples taken initially and after 18 hours 
from the uridylic acid digests were chromatographed with the basic pro- 
panol, tertiary butyl] alcohol, and isobutyric acid solvents and examined 
for ribose, pyrimidines, and phosphates. 

Except for one faint spot corresponding to uridine, only the spots corre- 
sponding to uridylic acid were found in the initial sample. In the 18 hour 
sample, no spots corresponding to uridylic acid or ribose were found. How- 
ever, spots corresponding to orthophosphate and uridine were present. In 
these experiments, uracil was included as a control, and it was noted that 
only the isobutyric acid solvent gave good separation of uridine (11 cm. 
travel) from uracil (22.5 cm. travel). All three solvents readily separated 
the uridine from the uridylic acid. 

Cytidylic Acid Hydrolysis—In the initial experiment with cytidylic acid, 
samples from the digests were taken at zero time and after 24 hours. These 
samples were treated in the same way as those from the uridylic acid di- 
gests. 

In the zero time sample, only a spot corresponding to cytidylic acid was 
found; no ribose was found in either sample. However, two fluorescent 
spots were found when the 24 hour samples were irrigated with all three 
solvents and examined with ultraviolet light. One of these (Unknown B, 
Table II) was decidedly smaller and fainter than the other. An examina- 
tion of the data in Table II indicates that these two spots correspond to 
cytidine and uridine. In a second experiment which lasted 4 days, com- 
plete conversion of cytidine into uridine did not occur. 

To decide whether the uridine arising from the cytidylic acid is produced 
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by the action of phosphatase followed by a deaminase or a deaminase fol- 
lowed by a phosphatase, two experiments were carried out. 

To test the conversion of cytidine into uridine, a standard digest was set 
up containing cytidine and 20 mg. of potassium dihydrogen phosphate. 
Chromatography of samples from this showed the presence of traces of 
uridine in the sample taken after 6 hours and larger quantities in the 24 
hour sample. Wheat leaf juice evidently converts cytidine into uridine. 

In the search for uridylic acid as an intermediate in the hydrolysis of 
cytidylic acid, 60 mg. of cytidylic acid and 24.9 mg. of sodium fluoride were 
added to the preparations. For the chromatography, the tertiary butyl] 
alcohol and hydrochloric acid mixture was used. The initial sample 
showed a good cytidylic acid spot and a faint uridylic acid spot. A sample 
after 24 hours showed large quantities of cytidylic acid still present, no 


TABLE II 


Distance of Travel of Fluorescing Compounds in Chromatograms of 
Cytidylic Acid Digests Compared with Known Pyrimidines 


Solvent system Cytidine | Cytosine | Uridine | Uracil aaron ngewe 
cm. cm. cm. cm. cm. cm. 
Basic propanol.............. 21.3 20.3 18.4 20.2 21.9 19.0 
Tertiary butyl alecohol....... 15.6 16.5 18.7 23.1 14.5 18.7 
Ne 7.5* 24.7 12.2 24.1 9.6 12.6 


* Under some undetermined conditions cytidine travels with uridine in this sol- 
vent system. Digest, 40 mg. of cytidylic acid, 1.0 ml. of dialyzed wheat leaf juice, 
5.0 ml. of 0.1 m acetate buffer, pH 5.5. Sample from the digest after 24 hours under 
toluene at room temperature. 


detectable uridylic acid, traces of uridine, and some cytidine. The sample 
taken from the digest after 6 hours was intermediate in composition be- 
tween the initial and 24 hour sample, and still contained traces of uridylic 
acid. The pathway of hydrolysis was apparently from cytidylic acid to 
cytidine to uridine, and the alternative pathway, producing uridine from 
eytidylic acid via uridylic acid, apparently did not operate in these prepa- 
rations. 

One interesting feature of the conversion of cytidine to uridine noted 
was the observation that it did not seem to go to completion. A possible 
explanation of this is that the reverse reaction might occur. Another pos- 
sibility is that there might be an NH: group acceptor in the juice prepara- 
tions and that ammonia might not be one of the end-products of the re- 
action. A further possibility is that the enzyme was not stable and that 
the conditions used were far from optimal; consequently, the reaction pro- 
ceeded slowly and ceased before it reached completion. 


here | 
, the 
nary 
bile 
vere 
acid 
Ken, 
free 
rate 
di- 
by 
ich 
ion, 
urs 
ro- 
ed 
W- 
In | 
at 
1. 
od 
d, 
se 
1S 
It 
e 


204 HYDROLYSIS OF NUCLEOTIDES 


To test the first of these possibilities, a standard digest was prepared 
with uridine and the addition of 100 mg. of diammonium phosphate. No 
cytidine was detected in samples removed after 6 or 24 hours. It appears 
that the reverse reaction does not occur under the same conditions as the 
forward reaction. 

A preliminary test with Nessler’s reagent failed to reveal any ammonia 
in the digests. Consequently they were made up to determine the libera- 
tion of ammonia quantitatively. The data in Table III summarize the 
results, from which it is clear that either ammonia or some compound which 
liberates ammonia in the presence of saturated potassium carbonate is 
produced from cytidine added to wheat leaf juice. Apparently wheat leaf 
press-juice contains an enzyme which converts cytidine into uridine and 


TABLE III 


Liberation of Ammonia from Cytidine Added to Wheat 
Leaf Juice Buffered at pH 65.7 


Ammonia in samples taken after 
Experi- 
ment No. 
0 hr. 6 hrs. 24 hrs. 72 hrs. 
pM uM uM 

1 Cytidine added 0.12 0.54 ; 4.52 
Control 0.12 | 0.26 0.40 

2 Cytidine added 0.02 | 3.46 

Control 0.01 | | 0.68 


Digests, 100 uzmoles of cytidine, 4.0 ml. of 0.75 m citrate buffer, pH 5.7, and 1.0 
ml. of fresh wheat leaf juice. 


ammonia. The reaction is, however, quite slow under the conditions out- 
lined above. Similar systems have been found in dog liver (2), avian blood 
(25), mouse kidney (26), yeast, and Escherichia coli (27). 

Tests for possible NH. group acceptors were made in digests similar to 
those used to identify the degradation products of cytidylic acid. Paper 
chromatography with tertiary butyl alcohol or isobutyric acid as solvents 
showed that the NH. group from cytidine was not transferred to any of 
the following compounds: glutamic acid, aspartic acid, pyridoxal hydro- 
chloride plus pyruvic acid, pyridoxal hydrochloride plus adenosine triphos- 
phate, inosine or a-ketoglutaric acid. In these tests, ninhydrin was used 
to detect amino acids. Pyridoxal and pyridoxamine gave separate bright 
blue spots under ultraviolet light. 

Enzymes which deaminate cytosine (25, 28, 29) have been reported. A 
test which was made at pH 5.7 showed that the cytidine deaminase of 
wheat leaves does not attack cytosine. 
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Adenylie Acid Hydrolysis Samples from preparations which were made 
to test. for the interconversion of the adenylic acid isomers were irrigated 
on chromatograms with ethyl acetate solvent or with 5 per cent aqueous 
potassium dihydrogen phosphate. Since no evidence for interconversion 
was found, it is concluded that enzymes from the leaves hydrolyze each of 
the adenylic acids directly. 

In an experiment on the hydrolysis of adenosine-5’-phosphate, the only 
compounds detected in a sample taken after 60 hours were orthophosphate, 
adenine, and ribose (Table IV). In the initial sample, traces of adenosine 
and orthophosphate were found, although aqueous solutions of adenosine- 
5’-phosphate did not show any adenosine. Ribose was not detected in the 
initial samples. In a sample taken after 16 hours, a small adenosine and 
a large adenine spot were found. Ribose was also detected. 

This experiment indicates that adenosine is an intermediate in the hy- 
drolysis of adenosine-5’-phosphate. This suggests that the first step in 
the hydrolysis of adenosine-5’-phosphate by wheat leaf juice is the removal 
of the phosphate group to produce adenosine. This suggestion is further 
strengthened by the absence of any spot corresponding to ribose-5-phos- 
phate when the chromatograms are sprayed either with alkaline silver 
nitrate or aniline phthalate. These results show not only that adenosine 
is the first intermediate product in the breakdown of muscle adenylic acid 
but also that there is no active system which splits adenine from this sub- 
strate. 

Accordingly it is apparent that the adenine and ribose must arise from 
adenosine. This conclusion was confirmed by using adenosine as a sub- 
strate. 

According to reports in the literature cited above, there are two possible 
pathways for obtaining adenine and ribose from adenosine. One is by a 
direct hydrolysis; the other involves the formation of ribose-1-phosphate 
and its hydrolysis to ribose and phosphate. Since ribose-1-phosphate is a 
labile compound (5), it would probably be destroyed by the heat inactiva- 
tion of the enzymes used in these preparations. Consequently, it is not 
likely that ribose-1-phosphate would be detected on the chromatograms, 
and its absence cannot be accepted as evidence that it does not occur as 
an intermediate in the breakdown of adenosine. 

In order to detect the activating effect of phosphate (30) on the hydrol- 
ysis of adenosine, two digests were made with 1.0 ml. of dialyzed juice, 
6.0 ml. of 0.75 m citrate buffer, pH 5.7, and 10 mg. of adenosine. To one 
of these, 6.6 mg. of potassium dihydrogen phosphate were added, the other 
being a control. Aliquots were analyzed for ribose. The rate of liberation 
of free ribose plus ribose-1-phosphate, if any, was the same in both. From 
the quantity of orthophosphate found in the sample of dialyzed juice used, 
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it was calculated that the preparation contaming no added phosphate had 
a phosphate concentration of 1.1% 10-4 mM. Tt therefore appears that 
phosphate either is not required for the hydrolysis of adenosine by wheat 
leaf juice or is required in only low concentrations. 

For the detection of ribose-l-phosphate in the hydrolysis of adenosine, 
digests were made containing 40 mg. of adenosine, 1.0 ml. of fresh wheat, 
leaf juice, and either 6.0 ml. of citrate buffer, pH 5.7, or 6.0 ml. of 0.05 m 
phosphate buffer, pH 7.6. No inorganic phosphate disappeared from any 
of these mixtures. In all 24 hour samples taken from each of these digests, 
no ribose-1-phosphate type of ester phosphate was found, although chroma- 
tograms showed the presence of adenosine, adenine, and ribose. Since 
inosine is reported to be a substrate for nucleoside phosphorylase (31), 
whereas adenosine is not, similar tests were made on inosine at pH 7.6. 
These showed that inosine was not converted into hypoxanthine and ribose. 
These results are best explained by assuming the existence of an adenosine 
ribosidase in wheat leaf press-juice. 

The data on the hydrolysis of adenosine-5’-phosphate support the view 
that the pathway of hydrolysis proceeds from muscle adenylic acid to 
adenosine and phosphate. The adenosine is further decomposed by a hy- 
drolytic enzyme which yields adenine and ribose. 

The same procedures were used to study the hydrolysis of yeast adenylic 
acid. Ribose, adenine, and phosphate were the only final products de- 
tected. Adenosine appeared as an intermediate product. No spot was 
found which could correspond to either ribose-3-phosphate or ribose-2-phos- 
phate when the isobutyric acid or basic propanol chromatograms were 
treated with alkaline silver nitrate, or when the tertiary butyl alcohol 
chromatogram was treated with aniline phthalate. It is of interest to note 
that tertiary butyl alcohol chromatograms treated with alkaline silver ni- 
trate do not usually yield satisfactory spots. 

Since other experiments on phosphate liberation suggested that the two 
yeast adenylic acids were hydrolyzed by a heat-stable and a heat-labile 
system, a test was made on crude juice treated in a water bath for 90 min- 
utes at 50° and subsequently dialyzed. ‘The purpose was to search for 
alternative pathways of hydrolysis. When irrigated with isobutyric acid 
or tertiary butyl] alcohol, samples from these digests, taken after 24 or 48 
hours, yielded only ribose, adenine, and phosphate as end-products, and 
adenosine as an intermediate product. 

In the experiments on the interconversion of the adenylic acids referred 
to earlier, spots corresponding to both adenine and adenosine were detected 
in the potassium phosphate chromatograms of samples taken from the 
digests of both adenosine-2’-phosphate and adenosine-3’-phosphate after 
24 hours. 
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The experiments on the hydrolysis of yeast adenylic acid (known to be 
a mixture of adenosine-2’-phosphate and adenosine-3’-phosphate) and 
those on the 2’ and 3’ isomers, together with the experiments on adenosine- 
5’-phosphate, indicate that the first step in the enzymic breakdown of all 
of these compounds by wheat leaf juice is the liberation of orthophosphate 
and adenosine. ‘This is followed by the hydrolysis of adenosine to yield 
adenine and ribose. 

Guanylic Acid Hydrolysis--Vhe results of chromatographie analysis of 
these digests are summarized in ‘Table V.. The spot which corresponds to 
guanine was present initially and did not appear to change in size or inten- 
sity with time. In addition to orthophosphate, only one end-product of 


TABLE V 


Identification of Purine Derivatives Formed during Hydrolysis 
of Guanylic Acid 


Distance traveled by compound in solvent system 
K HPO. Water Isobutyric acid solvent 
Guanylic acid............ 8.2:20.5 | | 
9.2 8.5 24.7 | 
Guanosine................ 15.4 15.0 19.7 
Xanthosine............... 18.7 24.4 15.8 
Initial digest............. 10.2 20.3 7.5/25.4 25.3 (21.1) 8.912.5 
Digest after 12 hrs........ 9.1 14.47.2 19.1 25.6) 21.2 10.413.1 
10.0 18.185 16.5, 25.9, 21.1 


Digest, 40 mg. of guanylic acid, 5.0 ml. of 0.1 M acetate buffer, pH 5.5, and 1.0 
ml. of dialyzed wheat leaf juice. 


hydrolysis was identified. The aqueous KH2PO, solvent indicated that 
this was either guanosine or xanthosine. Irrigation of chromatograms with 
either water or isobutyric acid showed that the compound was guanosine 
or xanthine. The paper electrophoresis test also indicated that it was 
either guanosine or xanthine. Tests for ribose with aniline phthalate were 
negative. Apparently the only end-products of guanylic acid hydrolysis 
are guanosine and orthophosphate. 

In order to show that guanosine is not attacked by dialyzed wheat juice 
preparations, 60 mg. of guanosine were incubated with 6 ml. of 0.1 m ace- 
tate, pH 5.7, and 1.0 ml. of dialyzed juice. When samples, incubated 48 
hours, were chromatographed, guanosine was detected, but no ribose, 
guanine, or xanthosine. 

Substrate Specificity of Adenosine Ribosidase—The experiments described 
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above indicate that the adenosine ribosidase present in wheat leaves does 
not attack guanosine, uridine, or cytidine. Since Miller and Evans (32) 
report that a comparable enzyme from soy bean leaves attacks purine 
ribosides, and that the pH optimum of the enzyme is 4.0, an investigation 
of the substrate specificity of this enzyme at both pH 5.5 and pil 4.0 (0.2 
vu acetate buffer) was made, 

In addition to the tests deseribed above with guanosine, adenosine, 
uridine, and cytidine at pH 5.5, inosine and xanthosine were also tested as 
substrates for adenosine ribosidase. No activity towards inosine or xan- 
thosine was detected by chromatographic examination of aliquots from 
digests at pH 5.5 after 24 hours. 

For tests at pH 4.0 the juice from wheat leaves was dialyzed against 0.2 
M acetate, pH 4.0, for 48 hours, and then incubated at that pH with adeno- 
sine, inosine, guanosine, or xanthosine. Only activity towards adenosine 
was detected even after 48 hours. Since it was possible that dialysis at 
pH 4.0 in the refrigerator may inactivate purine ribosidase from wheat 
leaves, the tests were repeated with fresh juice. Adenosine was the only 
compound hydrolyzed. 

From the results of these experiments it appeared that wheat leaves con- 
tain a purine ribosidase which attacks only adenosine. 


SUMMARY 


Filter paper chromatography has been used to identify the products of 
hydrolysis of ribose nucleotides by press-juice from green wheat leaves. 
The first step in the breakdown of adenylic acid a, adenylic acid b, muscle 
adenylic acid, guanylic acid, uridylic acid, and cytidylic acid is the enzymic 
removal of the phosphate group yielding the corresponding nucleoside. 

At pH 5.5, uridine, guanosine, and inosine are not attacked by enzymes 
present in wheat leaf press-juice. Adenosine is hydrolyzed by a substrate- 
specific adenosine ribosidase. Cytidine is deaminated to produce uridine 
and ammonia. ‘This cytidine deaminase does not attack eytidylic acid or 
cytosine. 


BIBLIOGRAPHY 


1. Roberts, D. W. A., J. Biol. Chem., 219, 711 (1956). 

2. Schmidt, G., Z. physiol. Chem., 208, 185 (1932). 

3. Ishikawa, H., and Komita, Y., J. Biochem., Japan, 23, 351 (1936). 

4. Komita, Y., J. Biochem., Japan, 25, 405 (1937); 27, 23 (1938). 

5. Kalckar, H. M., J. Biol. Chem., 168, 723 (1945). 

6. Laskowski, M., in Sumner, J. B., and Myrback, K., The enzymes, New York, 1, 
pt. 2, 956 (1951). 

7. Carter, C. E., J. Am. Chem. Soc., 73, 1508 (1951). 

8. Lampen, J. O., and Wang, T. P., J. Biol. Chem., 198, 385 (1952). 

9. Tarr, H. L. A., Biochem. J., 59, 386 (1955). 


I] 
d 
of 
0 
]- 
of 

0 
t 
| 
e 
e 
e 


270 HYDROLYSIS OF NUCLEOTIDES 


BN RRENNSS 


. Heppel, L. A., and Hilmoe, R. J., J. Biol. Chem., 198, 683 (1952). 

. Consden, K., Gordon, A. H., and Martin, A. J. P., Biochem. J., 88, 224 (1944). 
. Crowther, J., Anal, Chem,, 26, 1386 (1954), 

$. ‘Turba, and Turba, Naturwissenschaften, 38, 185 (1951). 

4, Smith, J. and Markham, Biochem, 46, 500 (1950) 

Mortimer, Canad, J, Chem,, 90, 655 (1962). 


Zamenhot, Brawerman, Chargall, bo, Mrochim ef brophya acta, 
(1052). 


Partridge, 8. Hiochem, J., 4%, 248 (1018) 

Partridge, 8. M., Nature, 164, 445 (1049). 

Hanes, ©. 8., and Isherwood, A., Nature, 164, 1107 (1949), 

. Haugaard, G., and Kroner, T. D., J. Am. Chem. Soc., 10, 2135 (1948), 
. Wieland, T., and Fisher, 1o., Naturwissenschaften, 36, 20 (1948). 

. Conway, FE. J., and Byrne, A., Biochem. J., 27, 419 (1933). 

. Nelson, N., J. Biol. Chem., 163, 375 (1944). 

. Waygood, E. R., Canad. J. Res., Sect. C, 26, 461 (1949). 


Conway, E. J., and Cooke, R., Biochem. J., 38, 457 (1939). 

Greenstein, J. P., Carter, C. E., and Chalkley, H. W., Cold Spring Harbor Sym- 
posta Quant. Biol., 12, 64 (1947). 

Wang, T. P., Sable, H. Z., and Lampen, J. O., J. Biol. Chem., 184, 17 (1950). 


. Greenstein, J. P., Carter, C. E., Chalkley, H. W., and Leuthardt, F. M., J/. 


Nat. Cancer Inst., 7, 9 (1946). 


. Chargaff, E., and Kream, J., J. Biol. Chem., 175, 993 (1948). 


Klein, W., Z. physiol. Chem., 231, 125 (1935). 


. Kalckar, H. M., J. Biol. Chem., 167, 461 (1947). 
. Miller, G. W., and Evans, J. E., Plant Physiol., 30, suppl., p. xxxvii (1955). 


J 

1s 

XUM 


A CALORIMETRIC DETERMINATION OF THE HEAT OF 
AN ANTIGEN-AN'TIBODY REACTION 


(From the Naval Medical Reasearch Inatitute, Natronal Naval Medical Center, 
liethenda, Maryland) 


(Reeeived for publication, November 18, 1955) 


It is only recently that the study of protem associations and interactions 
has begun to enter a quantitative phase, with detailed knowledge becom- 
ing available as to the thermodynamic parameters characterizing the proc- 
esses. ‘This, of course, is a necessary prerequisite of any fundamental 
understanding of what occurs on a molecular level. 

Information as to the absolute values of the thermodynamic quantities 
characterizing the important class of protein associations involved in im- 
munochemical processes has been obtained from measurements of equilib- 
rium. Haurowitz and coworkers have obtained values for the free energy 
and enthalpy of reaction of arsanilazo bovine serum globulin with rabbit 
antibodies (Ab) (1). Likewise, Epstein has studied quantitatively the in- 
teraction of a divalent arsanilic hapten with rabbit antibody (2). One 
must also cite the work of Filitti-Wurmser and Jacquot-Armand upon the 
agglutinin-erythrocyte reaction (3). Whereas most of the indirect deter- 
minations of enthalpy from temperature dependence of equilibria have 
shown AH values between 0 and — 6000 calories per mole for antigen (Ag)- 
antibody interaction, widely different results have been reported in the 
rare instances of direct calorimetric work. Dobry and Sturtevant have 
found AH = +1 kilocalorie per mole for the reaction of trypsin with soy 
inhibitor (4). In their experiments, the heats of mixing per mg. of protein 
nitrogen present were the same in actual runs and control experiments, 
within experimental error. Boyd and coworkers (5) have reported 
— 40,000 calories per mole for interaction of hemocyanin with horse anti- 
hemocyanin. Bayne-Jones (6) has given —1.5 * 10° calories per mole as 
AH of diphtheria toxin-antitoxin interaction. 

A new attempt at direct calorimetry of an immunoreaction seemed there- 
fore justified, and a proper selection of material for it appeared to be im- 
portant. 

Perhaps the most studied of the protein antigens are the albumins of 
human and bovine plasma. As a result of the work of Oncley et al. (7), 
Becker (8), and Singer and Campbell (9), it appears to be well established 
that both horse and rabbit antibodies to these proteins are predominantly 
bivalent. Singer and Campbell have studied intensively the interaction 
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of bovine serum albumin and rabbit antibody in the antigen excess region 
and have obtained values for the free energy of association (10, 11). 

The interaction of the bivalent antibody with the polyvalent serum al- 
bumin antigen (of valency 6) is formally analogous to a polyfunctional 
condensation copolymerization, The consecutive equilibria may be writ 
Chitin: 


Ay 

Ag Ab AgAb 
Ky 

AvAlb + Ag ApgeAb 
Ky 


AwoAb + Ab AgeAbo, ete. 


The association constant for the first stage, Ay, is of the order of 105 for 
pH values between 5 and 9 and ionic strengths ~0.1 (10, 11). Thus, for 
concentrations of reactants of the order of 1 gm. per liter or greater, the 
equilibrium is displaced greatly in favor of the complex species. Under 
these conditions, at high molar ratios (>5) of antigen to antibody, the 
antibody is effectively saturated with antigen so that only the AgzAb com- 
plex species is present in quantity, and the concentration of free antibody 
is negligibly small (9). For present purposes the reaction may be said to 
go virtually to completion. Thus at high antigen-antibody mole ratios it 
is possible to compute the number of bonds formed upon reaction under 
the above conditions, with the reasonable assumption that all antibodies 
are bivalent. Hence a direct measurement of the net heat evolved upon 
mixing should permit the computation of the heat produced per bond 
formed. 

Existing studies of the temperature dependence of the equilibria have 
permitted the setting of rough limits to the absolute magnitude of the en- 
thalpy of interaction of this system. Sedimentation and light scattering 
studies have shown no appreciable temperature dependence between 4° and 
37° (11, 12). Thus the heat of association was expected not to be much 
greater than about +3 kilocalories per bond for this system. 

With the low magnitude of the enthalpy and the relatively low molar 
concentration of antibody attainable (order 10-5 m), the total increase of 
temperature upon mixing of antigen and antibody would be of the order 
of 10-5°. For quantitative work in this range, one should be able to ob- 
serve temperature differences in the order of 10-°°. 

The study of such small bursts of heat in large quantities of solutions 
became possible with the introduction by Kitzinger and Benzinger (13) 
of the new principle of microcalorimetry; 1.e., spreading of the reagent so- 
lutions over the widest area practically attainable and dissipation of the 
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reaction heat simultaneously from the various parts of the solution adjacent 
to this area through the device by which heat flow rate is recorded. The 
realization of this end has required, among other elements of construction, 
“area thermopiles” of 10,000 “hot” junctions offering 100 sq, cm, of sensi- 
tive surface area to 15 to 20 ml, of solutions, The authors of this method 
find that, bemdes thea own, they have apphed in ther development the 
following established principles of calornmetry: the differential thernnal 
(Mellons (14) and Phaundler (15))) calibration in terme of energy rather 
than tempernture and heat capacity (von Stemwehr (16))) 
thermoeleetme recording of temperature difference of heat flow rate (Mel 
(14) and Pian (17)); planimetric evaluation of heat flow pulses 
(18)). Moreover, since the discharge of reaction heat from the reagent 
solutions must take place into some body of matter, they naturally applied 
either one, or both, of these two principles: the “twin” vessel for 50 per 
cent dissipation, or merely a stabilizing heat capacity or sink adjacent to 
the cold set of junctions (Calvet (19)). 

In all three cases (twin vessel, sink, or twins with added sink), the inde- 
pendent aim and result was the conversion of potential thermal energy, 
ineffectually stored in the solutions after a reaction, into a short but power- 
ful heat flow pulse and ultimately into a short but powerful electrical sig- 
nal. This was accomplished by spreading of the solutions for rapid dissi- 
pation through an area thermopile. 

The ultimate power of the peak signal and the power of resolution with 
this method for rapid processes are determined by two equally important 
factors: response of the thermopile (volt) to heat flow rate (calories sec.~'), 
and speed of dissipation, 1/7’, when T is the time required for 50 per cent 
of total discharge. 

Inasmuch as the calorimeter has been described in detail elsewhere (13), 
only a cursory description of its operation will be given here. Measure- 
ments are carried out with 7 to 8 ml. of each reactant, spread over a sur- 
face area of approximately 50 sq. cm. each, adjacent to the same thermo- 
pile. The twin container is filled with blank solutions. After the system 
has come to thermal equilibrium as indicated by steady and negligible volt- 
age, the reaction may be initiated. This is accomplished by rotating the 
entire instrument so that mixing is accomplished by movement of the air 
bubble. If the reaction thereby initiated proceeds at a steady rate, the 
thermoelectric potential rises almost exponentially and reaches a steady 
level representing a steady heat flow. If the reaction is practically instan- 
taneous, the potential rises suddenly and then decreases in an exponential 
manner (Fig. 1). The area under the curve of thermal flow rate as a fune- 
tion of time represents total calories (Fig. 2). 

After the termination of the reaction, the mixing motion is repeated 
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twice. To this disturbance the combined thermopiles respond with a 
small ‘‘zero spike,” which, depending on its sign, must be added to or sub- 
tracted from the heat observed with the reaction. 

The quantitative performance of this instrument is tested in two ways, 
electrically and chemically, Electrical calibrations have shown a linear 
response through four orders of magnitude from lO to 2 104 small calo- 
Hes of total with a standard deviation (a) of per cent above 
menlones, per cent between lO and mealories, and per cout 

The power of the measure heat generated ina pure sal 
vent ie net always identical with ite power Co meneure heat of 
reaction ‘The mere presence of particles in solution may introduce cis 


1. of a with an current pro- 
ducing 48 wealories per second. With the onset of the current, the potential from the 
thermopiles rises almost exponentially (3 response time approximately 2 minutes) 
to a steady level 4.32 mv. above the previous base. At the end of heating, the po- 
tential decreases exponentially to the same base-line. 


turbing heat changes. In particular, heats observed in protein interaction 
must be interpreted with great caution. It has been attempted to mini- 
mize disturbances arising from the formation of monomolecular layers of 
ions or molecules on the walls of the reaction vessels upon mixing of re- 
actants. Heats of dilution of small ions have been minimized by careful 
dialysis of reactants. Heats evolved by dilution of electrically charged 
protein particles have been minimized by proper selection of concentrations 
of the two reagent proteins. Heats evolved upon shaking of protein solu- 
tions after prolonged standing, such as had been found to be substantial 
with concentrated solutions of other proteins, were found to be negligible 
with albumin and globulin in the concentrations applied here. For ulti- 
mate proof that the combination of measures taken was successful, a vari- 
ety of controls was introduced to show that the heats observed were heats 
of specific antigen-antibody interaction. In Fig. 3, original recordings 
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with the microcalorimeter are presented to show the relationship of the 
quantities of heat measured with zero stability, thermal noise, and with 
magnitude as well as reproducibility of zero heat observed during the mix- 


» 


¢ 


TIME IN SECONDS ———> 


Fic. 2. Microecalorimetry of an instantaneous reaction, formation of water from 
protons and hydroxyl! ions: H* + Cl + Nat + OH~ — Nat + Cl + H.O. Upon 
mixing reactants, 80 wl. of 0.01 N hydrochloric acid and excess sodium hydroxide 
solutions, the potential rises almost instantaneously, with subsequent exponential 
decline to the previous base. 3} response time is approximately 2 minutes. Zero 
spikes recorded after the reaction by repeating the mixing motion show complete- 
ness of the reaction and negligibility of disturbance in this range of measurement. 


ing motion. These recordings also demonstrate the relative magnitudes 
of the heat of specific reaction and the heats observed in control experi- 
ments. 

Protein Preparations—Rabbit antibodies to human serum albumin were 


160 200 $00 400 500 600 700 800 900 1000100 


af 
£ 


276 ANTIGEN-ANTIBODY REACTION 


obtained as follows. A total of five rabbits was immunized with human 
serum albumin over a period of 2 to 5 months. Each rabbit was given an 
initial series of daily intravenous injections of 0.2 ml. of 1 per cent serum 
albumin in 0.9 per cent NaCl for a period of 1 week. Subsequent injections 


Fic. 3. Microcalorimetry of protein interaction in a 1/50,000 m solution. Human 
serum albumin as antigen was added to rabbit serum globulin as antibody. The 
upper record shows the heat of specific antigen-antibody interaction and two thermal 
zero spikes for control. The lower record shows a control experiment with the same 
reactant solutions, after precipitation of the specific antibody with a small amount 
of antigen. Similarity of the first and second zero spikes is evidence of completeness 
of reaction. For evaluation, one area of negative zero spike must be added to the 
heat of reaction which becomes 3.94 mcalories. 


were intraperitoneal and were made at weekly intervals, each injection con- 
sisting of 0.2 ml. of 5 per cent albumin. Bleedings were made routinely at 
biweekly intervals, 30 to 40 ml. of blood being taken from each animal. 
After removal of the erythrocytes and fibrin clot by centrifugation, the 
y-globulin fraction of the pooled antisera was isolated by precipitation from 
one-third saturated (NH,)SO, at pH 7.0 and 3° by a procedure that 
closely resembled that of Svensson (20). The redissolved y-globulins, af- 
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ter clarification by centrifuging for 1 hour at 30,000 X g, were precipitated 
as before. Each y-globulin preparation was precipitated a total of five 
times, and then dissolved in the appropriate buffer and dialyzed. 

Total antibody concentration was determined by a precipitin technique 
as follows: To an aliquot of the y-globulin solution sufficient antigen was 
added to bring the system to the equivalent zone, the latter having been 
found by standard serological procedures, ‘The centrifuged specific precip- 
Hate Was again suspended in O.9 per cent saline and centrifuged for a total 
of four times, ‘The total nitrogen was determined by WKyeldahl anabyain 
and converted to weight of dry protem by multipheation by 6.25. ‘The 
weight of added antigen wan subtracted, and the remnamder waa taken an 
the weight of antibody on the given volume, ‘Phe y-globulin preparations 
Heed in this ranged from 25 to dO per cent antibody, 

As the non-specific heat of ming is quite appreciable for the albumin. 
globulin system, the choice of controls assumes considerable importance in 
view of the low magnitude of the heats evolved, The best solution ap- 
peared to be to have two sets of controls, in one of which human serum 
albumin was mixed with a protein solution chemically as similar as possible 
to antibody, and in the other of which the antibody-containing y-globulin 
solution was mixed with a protein solution similar chemically to human 
serum albumin. 

For the control replacing the antibody-containing y-globulin preparation, 
the normal y-globulin portion of the same antisera, obtained by removing 
all antibodies by specific precipitation, was utilized. Inasmuch as y-glob- 
ulin normally displays a range of electrophoretic mobilities (21) which may 
vary appreciably with the individual, normal y-globulin from the antisera 
itself was used in the expectation that it would reflect more faithfully the 
charge distribution of the antibodies. Also, any trace impurities carried 
down with the total y-globulin fraction would also appear with this com- 
ponent, and their contribution to the heat of mixing would be compen- 
sated for in the control. For the control replacing human serum albumin, 
bovine serum albumin and in one case rabbit serum albumin were used. 
Both proteins show little or no specific interaction with rabbit antibodies 
to human serum albumin, although they are almost identical with human 
serum albumin in amino acid composition and physical properties. None 
of the antibody preparations used gave any sign of yielding a specific pre- 
cipitate with either rabbit or bovine albumin. 

Prior to a calorimetric run, reagents and controls were adjusted to the 
same concentrations and were dialyzed against the same buffer in the same 
container for 48 hours, with frequent changes of buffer. 

To avoid ambiguities of interpretation, all runs were made with weight- 
concentration ratios of antigen to antibody of 2:1 or greater. Under these 
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conditions the antibody is effectively saturated with antigen so that only 
the complex species AbAg» is present in appreciable quantity. Thus it is 
possible to compute either the heat liberated per mole of antibody or, alter- 
natively, the heat per bond, assuming that all antibodies are bivalent. 

All runs were made at pH 6.6. Two types of buffer were used, 0.2 m 
phosphate and 0.15 m NaCl, plus 0.01 m phosphate. No significant differ- 
ence was noted between the heats determined in the two buffers. Both 
the antibody concentration and the antigen to antibody ratio were varied 
within wide limits without affecting the values of the net heats (Table II). 

Sources of Error——Because of the high precision and reproducibility of 
the microcalorimeter used in this investigation, instrumental errors were of 
relatively minor importance, The uncertainty in the values of heat 
evolved upon mixing, which armen primanty from alight wregulanties in 
the baseline, can be set at about menalone, ‘This usually amounted 
to only about & per cent of the net evolved heat, or less, 

The concentration of antibody could be determined to within about. 1 
per cent, so that this factor did not contribute to the uncertainty to any 
extent. 

The chief possible systematic sources of error arise from the difficulties 
associated with the choice of controls, which may be grouped into three 
main categories. 

First, the two sets of controls employed may not accurately reproduce 
the non-specific heats of mixing of the antigen and antibody solutions. 
However, the bovine and rabbit albumins, as well as the normal y-globulin, 
are similar in amino acid composition and in physical properties to the 
antigen and antibody systems which they respectively replace (21). It is 
certainly highly plausible that the non-specific heats of mixing should re- 
flect these general characteristics rather than the detailed surface-fine struc- 
ture responsible for the specific immunological reaction. 

Indirect evidence for the validity of the controls comes from the good 
agreement obtained for the net heats of specific interaction computed with 
the two different sets of controls. Direct evidence for the validity of the 
bovine albumin control is obtained from the agreement in the heats of 
mixing of human and bovine albumin with the y-globulin fraction of non- 
immunized rabbits, as is described under “ Results.” 

The second difficulty is that there may be present in rabbit antisera a 
non-dialyzable impurity carried down with the y-globulin fraction, which, 
though not an antibody, nevertheless reacts specifically with human serum 
albumin and generates heat. This substance might furthermore be ad- 
sorbed by the specific precipitate and thus not appear in the normal y-glob- 
ulin control. 

This possibility is refuted by two experiments. The first of these, men- 
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tioned above, compared the heats of mixing human and bovine albumin 
with y-globulin from normal rabbits. The second, reported under “ Re- 
sults,’ compared the heats of mixing human serum albumin with untreated 
y-globulin from non-immunized rabbits, and with the same y-globulin so- 
lutions to which a small amount of human serum albumin had been added 
in quantities sufficient to precipitate all antibodies if the latter were present 
to the same extent as in a representative y-globulin fraction of the antisera 
employed. 

The third possible objection refers especially to the bovine albumin con- 
trol, It is conceivable that a certain degree of specific interaction between 
bovine albumin and antibodies tO human albumin might exist, in view of 
the chemical similarity of the two protein, Thin is refuted by the follow- 
mpg (1) Bovine serum albumin pave no detectable precipitate over a wide 
concentration tange (LO to QOOL per cent) with ay globulin solution con 
oper cent of antibody to human serum albumin, (2) Bovine 
himin added to the same solution to a concentration of & per cent did not 
affect the amount of specific precipitate formed with human serum albumin 
inthe optimal zone, (3) Bovine albumin, when added to a specific precip- 
itate redissolved in antigen excess, with antigen to antibody concentration 
ratio of 0.7, did not affeet the appearance or the relative composition of 
the complex species as observed in the ultracentrifuge to a greater extent 
than expected from the Johnston-Ogston (22) effect, even when added to 
a concentration 3.0 times that of the antibody present. 

Finally, the possibility might be advanced that a contribution to the net 
heat is arising from a release or binding of either hydrogen ions or counter 
ions upon formation of the antigen-antibody complex. The former would 
appear to be ruled out by the fact that the equilibria are insensitive to pH 
between pH 5.5 and 9, indicating that in this pH range the complex forma- 
tion is not accompanied by a net change in the state of ionization of either 
component (11,12). The latter appears to be eliminated by the agreement 
of the net heats obtained with chloride and phosphate as counter ions. 

To eliminate further the possibility of a contribution arising from a lib- 
eration or binding of protons, a single run was made in tris(hydroxy- 
methyl)aminomethane (Tris) buffer. As the heat of neutralization of this 
buffer is close to 10 kilocalories per mole, while that of phosphate is close 
to zero at the temperature at which these measurements were made (22°), 
the liberation of even a single hydrogen ion per bond would be reflected by 
a marked discrepancy in the apparent heat per mole (23). As the result 
of the thirteenth run shows, the heat evolved per mole (or bond) in Tris 
is quite close to that evolved in phosphate. Hence no appreciable contri- 
bution to the net heat can be arising from this cause. 

There further exists the possibility that some substance, such as the 
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complement, which combines with the antigen-antibody complex but not 
with either of the constituents, might be contributing to the heat. The 
fourteenth run was made as a check on this possibility. In this case the 
antibody-containing y-globulin preparation was shaken with a finely di- 
vided specific precipitate of bovine serum albumin with its antibody. The 
latter was then centrifuged off. The results with this preparation were 
close to those obtained with the other preparations. 


Results 


Table 1 compares the heats of mixing of human and bovine serum albu- 
min with the y-globulin fraction of pooled sera from non-immunized rab- 
bits. ‘Two different samples of the latter were employed. Protein con- 

| 
Comparison of Non Specific Heats of Interaction, Observed upon Micing 
TAMIL of » Globulin from Non linmunized Rabbits with 76 Ml 
Of Mumin and Hovine Serum Athumin 


Heat of 


Heat af 


entration 


of 


y preparation® 


NR IV 


em. perl. 
20.1 


| 


gm. perl. 
16.6 


perl. 
16.6 


mealorievs 
—O 84 


meralories 
—O RD 
+1000 


* The two preparations were obtained from two different lots of pooled sera from 
two different sets of rabbits. 
t A minus sign indicates a loss or evolution of heat from the system or an exo- 


thermic process. 


centrations were comparable with those employed in the experiments with 
antibody. In neither case was any appreciable difference in behavior be- 
tween bovine and human albumin observed. 

Table II presents the heats of mixing of human serum albumin with the 
y-globulin fractions from four different samples of pooled sera from non- 
immunized rabbits. In each case the heat of mixing of an untreated 
y-globulin solution is compared with that obtained with a solution to which 
an amount of human serum albumin sufficient to precipitate all antibodies 
was added, were the latter present to the extent of 30 per cent of the y-glob- 
ulin fraction (the average for the antisera studied). The amount of human 
albumin then required was small, being less than about 2 per cent of that 
added in the mixing experiment. In three of the four experiments no de- 
tectable difference was found. In the fourth, anomalous experiment, an 
appreciable difference was observed. No explanation for this single anom- 
alous result has been forthcoming. 
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The above data served to enhance confidence in the controls, and we 
next consider the net heats evolved in the actual reaction of antigen with 
antibody. ‘Table III summarizes the results of fourteen different runs 
with nine different antibody preparations. The ‘“‘heats per bond” were 
computed upon the assumption that all antibodies are bivalent. 

All but two of the runs, Nos. 2 and 4, were reasonably close to the mean 
value. Of the two anomalous runs, one gave a heat which was much too 
high and the other one which was much too low. ‘These two results have 
been omitted from the final average, but have been included in the com- 
putation of the probable error. The latter quantity was computed on the 
basis of all fourteen runs. The values were then averaged again, the two 


If 
Comparison of Non Specific Heats of Mixing Obtained upon Mixing 
Human Serum Albumin with Treated and Untreated » Globulin 
from Non Rabbits 


Designation of Comentration | Concentration | Amount of human | Meat of mining | Meat of mining 
y Of human serum albumin added) of of treater 


am. perl. ain, perl. mg 
1.2 2.7 () 
18.0 17.8 1.8 2.16 —2.16 
13.8 16.6 1.7 —O0.83 
20.1 13.3 1.6 +1.0 (0) 


* To a volume of 8.0 ml. 
} A minus sign indicates the loss or evolution of heat from the system or an exo- 
thermic process. 


runs differing from the mean by more than twice the probable error being 
omitted. 

The mean value for the heat per bond, while somewhat smaller than that 
obtained for other protein antigens, is not inconsistent with the order of 
magnitude expected from studies on equilibria. 

It is also worth while to comment upon the sign and magnitude of the 
non-specific heats of mixing observed with serum albumin and y-globulin. 
As the heats of dilution of both serum albumin and y-globulin are markedly 
positive under these conditions, the sign and magnitude of the net heat of 
mixing will reflect the extent to which this is compensated by the negative 
heat of interaction. Thus one would roughly expect that the heat of 
mixing should show its maximal negative value when the concentrations 
of albumin and total y-globulin are of similar order of magnitude, and would 
become more positive, the more either component was present in excess. 
For a given ratio of concentrations it would be expected that the absolute 
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magnitude of the evolved heat would increase with total concentration. 
As seen in Tables I and II, these expectations are qualitatively fulfilled. 


TaBLeE III 
Summary of Heats of Fourteen Different Runs 
Con- of 
| Anti- Speciic | Heat Heat 
Run|  +-Globulin »| Type of control interac: levolved| Net evolved 
No. oie of hu-| body, | loved tion of heat 
min antibody 
pe imcalories | calories 
1] R XXIII 47.8 14.78 | BSA§ —13.60| —13.6 |—2840 
2] “ XXIII-b [27.3 |1.06 —3.1 |-—3.1 0 0 
3] XXIV 29.6 10.577 —4.62)—1.78) —2.84|—4900 
4] “ XXIV-b {17.0 (0.393 —2. 891 O 2.89] — 7360 
XXV-2 16.5 10.170 —0. 48] — 2820 
6] * XXV 16.2 10.550) | — 2.02) 4650 
71% X¥XV 0 620.410 1.12/40. 54} — 1.70) 4200 
XXXVI 10. 640 1. 66) 1.74) 4220 
14 1 JO S40) TMA 1 O 4570 
[0 O46 4.05) 0 4.05) 4260 
22 10 BAY) REA 4.05) 76) 40) 9740 
wi’ 17.0 JO. 836) TSA DAT 4.70) 4420 
4] [18.9 JO. -Glebulin — 2.36) — 2830 


Heat 
evolved 
per mole of 
antibody 


calories 


7,800 
~ 4,400 
6,440 
7,140 
6740 
7,480 
060 


Runs | to 3 were made in 0.15 m NaCl, plus 0.01 M phosphate, pH6.6. Run 13 was 
made in 0.1m Tris, pH 8. The remainder was made in 0.2 mM phosphate, pH 6.6. 
The final average was 3600 + 1000 calories per bond. 


* The volume of each reactant was 7.5 ml. 


t A minus sign is used to indicate the loss of a positive amount of heat and repre- 
sents an exothermic process. 
t This was computed under the assumption that all antibodies were bivalent. 
§ The concentration was equal to that of the human serum albumin. 
|| The concentration was equal to that of the antibody-containing y-globulin so- 
lution. 


to the equation: AF° = AH°/TAS?°. 


DISCUSSION 


It is of interest to combine the enthalpy of reaction obtained in this in- 
vestigation with the free energies of association computed from equilibrium 
studies on the same material, to obtain the entropy of association according 


Table IV gives values of AS° com- 


puted thus for the first step of association corresponding to the reaction 


Ag + Ab = AgAb. 


and positive, as have been found for other protein associations. 


of this positive entropy is still a matter of speculation. 
It is interesting that the heat of reaction found for this system is so much 


It may be seen that the values thus obtained are large 
The origin 


—5, 680 
-9 800 
14,720 
640 
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smaller than that found for the hemocyanin-antihemocyanin system by 
Boyd et al. (5). If both heats are correct, this would appear to indicate a 
radically different nature for the interacting sites of the two systems. How- 
ever, aS hemocyanin is an associating protein, the latter heat may include a 
contribution from a change in the state of association of the antigen. 


TABLE IV 
Free Energies and Entropies for First Stage of Association* 
AH AF*;, (sedimentation, | AP®, AS° AS® (light 
Singer-Campbell (11)| (light scattering)t | (sedimentation), e.u. scattering), e.u. 
hilocalorie 
~$.66 | ~7.50 —8.00 | +15.1 +14.8 


* Computed for a standard state of 1 mole per liter, assuming molecular weights 
of 65,000 and 160,000 for serum albumin and rabbit antibody, respectively, 
Steiner, to be published. 


SUMMAIY 


The heat of combination of seria with rabbit antibody 
hon been mensured ‘Two different seta of controle were 
employed to eliminate errors from the non-specific heat of maxing, 
The reaction is exothermic, and a value of AIT = —3.5 4+ O48 kiloealone 
per bond was obtained under the assumption that all antibodies were biva- 
lent. When combined with existing measurements of the free energy, this 
enthalpy value results in a positive entropy of interaction. 
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It has been shown that lymphoid atrophy (“accidental involution’’) oc- 
curs under nearly all adverse conditions (1). Usually the loss of lymphoid 
cells appears to be the result of excessive secretion of 11-oxygenated adrenal 
steroids (2). However, the induction of lymphoid atrophy without inter- 
mediation of the adrenal also is observed with agents such as x-ray (3) or 
nitrogen mustard (4) and in the nutritional deficiency of vitamin Beg (5). 

In view of the apparently rapid proliferation of lymphoid cells, the ques- 
tion arises whether “‘accidental involution” is the result of diminished pro- 
liferation or of enhanced destruction of these cells. In an attempt to an- 
swer this question, the uptake of P® by the DNA! of lymphoid tissue 
undergoing atrophy was investigated, since it is generally assumed that the 
uptake of P® by the DNA of a given tissue occurs only during mitosia and 
therefore is directly proportional to the rate of cell proliferation, 


EXPERIMENTAL, 


Kapervment 1, Effects of Adrenalectomy, Vitamin Bg Deficiency, and Hy- 
drocortisone Treatment upon DNA Synthesis in Lymph Node and Thymus— 
Sixteen male Holtzman rats weighing between 110 to 115 gm. were used. 
They were divided into four groups, namely (1) the control group, (2) the 
adrenalectomized group, (3) the pyridoxine-deficient group, and (4) the 
hydrocortisone-treated group. 

The adrenalectomized animals had been operated upon 2 weeks before 
being employed in the test and had been maintained on 1 per cent NaCl, 
the pyridoxine-deficient rats received a pyridoxine-deficient diet for 10 days 
and, in addition, daily doses of 2 mg. of deoxypyridoxine hydrochloride, an 
antimetabolite of pyridoxine (4), and the hydrocortisone-treated rats re- 
ceived a single dose of 3.0 mg. per 100 gm. of body weight subcutaneously 
24 hours prior to being sacrificed. All rats received an equal amount of 
radioactive phosphorus subcutaneously (about 40 ue. of P® as dilute H3;PO, 
in saline?) exactly 3 hours before decapitation. 

After decapitation, sera were collected, and the lymphoid organs (thymus, 


1 Abbreviations used are as follows: DNA, deoxynucleic acid; RNA, ribose nucleic 
acid; TCA, trichloroacetic acid. 
? On allocation from the Atomic Energy Commission. 
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spleen, and mesenteric lymph node) were removed and weighed. The 
serum proteins were precipitated with 10 per cent trichloroacetic acid and 
centrifuged, and the supernatant fluids were analyzed for P*® and 
P®?, Washed suspensions of intact thymic cells or homogenates of thymus, 
spleen, and mesenteric node were precipitated with 10 per cent trichloro- 
acetic acid, and the filtrates which contain the intracellular fluid were also 
analyzed for P*#! and P*®. The precipitates were analyzed for RNA and 
DNA by a combination of the methods of Schmidt and Thannhauser (6) 
and Schneider (7). Davidson and Smellie (8) reported that the RNA 
fraction isolated in the manner of Schmidt and Thannhauser (6) 
and Schneider (7) contained phosphorus compounds other than nucleotides 
of relatively high specific activity. Much of the present work was begun 
before the above publication appeared (8). To determine any possible dif- 
ference in the extent of contamination in the RNA of treated and control 
rats, in several instances the RNA was further purified by precipitating the 
inorganic phosphorus liberated during the alkaline hydrolysis of the RNA. 
An examination of their specific activities showed proportional losses of 
activity for the RNA of both treated and control rats. P*! analyses were 
performed on these fractions by a modification of the Fiske-Sub- 
barow method after digestion with 60 per cent perchloric acid (9). 

lor radioactivity determinations, | or 2 mil, aliquots of the supernatant 
fluids and solutions of DNA and RNA were pipetted into stainless steel 
planchets and allowed to dry in air at room temperature, 
ack solutions were made neutral to phenolphthalem with concentrated 
NILOU before drying, All samples were finally dined in a vacuum dene 
eator, ‘The samples were then counted under a thin end window Geiger: 
Miller tube and the usual corrections were made for background, deeny, 
and coincidence, 

Kaperiment 11, Effect of Fasting and Hydrocortisone Treatment upon DNA 
Synthesis in Thymus, Node, and Spleen—-Three groups of five male Holtz- 
man rats weighing between 165 to 175 gm. were used. One group served 
as the normal controls, another received 5.0 mg. of hydrocortisone alcohol 
subcutaneously 24 hours prior to decapitation, and the third group received 
no food for 24 hours. Analyses were carried out as in Experiment I, except 
for the isolation of RNA and DNA which was carried out by the method of 
Ogur and Rosen (10). This method proved less satisfactory for the separa- 
tion of the RNA and DNA, since the perchloric acid extraction for RNA 
appeared incomplete. The relative specific activity of DNA appeared 
unduly high. Nevertheless, the data of this experiment were included and, 
in essence, showed fair agreement with the findings in the other experi- 


ments. 
Experiment III, Effect of Hydrocortisone, Nitrogen Mustard, and Colchicine 
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upon DNA and RNA Synthesis in Thymus, Spleen, and Node—Six groups of 
four male Holtzman rats weighing between 185 to 200 gm. were used. All 
analyses were carried out as in Experiment I. One group received 3.0 mg. 
of hydrocortisone alcohol per 100 gm. of body weight and another group 
received 1.0 mg. of hydrocortisone per 100 gm. of body weight. The nitro- 
gen mustard group received 0.5 mg. per kilo intravenously and the colchi- 
cine-treated animals received 0.1 mg. per 100 gm. of rat 8 and 16 hours be- 
fore decapitation. 

Suspensions of thymic cells containing about 5 X 10° cells per c.mm. 
were prepared by teasing the tissue in 10 ml. of Ringer’s solution containing 
1.0 ml. of rat serum. 1 drop of the suspension was smeared on a micro- 
scopic slide and then the chromatin was treated with Feulgen’s stain. Mi- 
totic figures and fragmented cells (karyorrhexis) were counted in each 
smear. At least 500 cells were counted in each preparation, and the re- 
sults (Table V) were expressed in per cent of the total number of cells. 

Method of Calculating Data—In calculating the specific activity ratios, 
Hevesy and Hahn (11) have used the specific activity of the inorganic phos- 
phorus of the tissue in question. However, since the immediate precursors 
of nucleic acid phosphorus are unknown, we believe the use of the specific 
activity of the whole acid-soluble fraction is equally justified and have used 
it in these experiments as the denominator for calculating our specifie activ- 
ily ration, 

The specifie activity ratios determined were 


(1) Relative apecifio activity of filtrate 


apecifie activity of tissue acid-eaoluble ploaphorius 


apeciic activity of serum acid-aoluble phoaphoriua 


This activity ratio is a measure of the rate of entry of the phosphate from 
the serum into the tissue during the experimental period, 


(2) Relative specific activity of DNA 


specific activity of tissue deoxynucleic acid phosphorus 
specific activity of tissue acid-soluble phosphorus 


This is a measure of the rate of entry of radioactive phosphorus from the 
acid-soluble phosphorus into the deoxynucleic acid; hence, it is a measure 
of the rate of new DNA formation during the experimental period. 


(3) Relative specific activity of RNA 


specific activity of tissue ribose nucleic acid phosphorus 
specific activity of tissue acid-soluble phosphorus 


This ratio is a measure of the rate of synthesis of new ribose nucleic acid. 
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Results 


The data summarized in Table I show the usual gross physical changes 
commonly observed after hydrocortisone treatment, vitamin Beg deficiency, 
fasting, and nitrogen mustard. These changes are loss in body weight and 
decrease in the size of the thymus, spleen, and the mesenteric node in most 
cases. Single injections of colchicine had no effect upon body weight. 

The data in Table II illustrate the rate of uptake of P®? into the tissues as 
it is affected by the various treatments. Hydrocortisone, vitamin Bg de- 


TABLE I 
Organ Weights after Treatment 


mg még. mg mg 
I Normal 190 509 250 
Adrenalectomized 159 658 218 
Hydrocortisone* 181 357 143 
Vitamin B,-deficient 143 182 159 
II Normal 177 460 288 743 
Hydrocortisone* 166 272 191 488 
Fasting 150 455 286 521 
iil Normal 191 458 246 741 
Hydrocortisone* 183 318 229 581 
442 218 (44 
Nitrogen mustard 17) $70 230 ATS 
Colehicine, % hes, 206 2h Gol 


* ting, per lOO of rat, 
ting. per 100 gm, of rat. 


ficiency, nitrogen mustard, and colehieme, 16 hours after treatment, all 
produce a decrease in the rate of uptake of P? into the thymus gland. 

Only in Experiments T and Il was there any significant decrease in the 
rate of penetration of P*? into the mesenterie node. 

The spleen showed a decreased uptake of P*® after hydrocortisone, nitro- 
gen mustard, and colchicine treatment. 

From Table III an indication of the rate of incorporation of P* into the 
DNA can be obtained. It is evident that hydrocortisone, nitrogen mus- 
tard, and colchicine treatment all decrease the rate of synthesis of DNA. 
Adrenalectomy and starvation had no effect upon DNA synthesis. 8 hours 
after the injection of colchicine, DNA synthesis was inhibited. Further 
inhibition was observed at the end of 16 hours. 

After treatment with hydrocortisone, the relative specific activity of the 
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DNA of the mesenteric node was increased or unchanged, whereas a reduc- 
ges tion was observed after colchicine and nitrogen mustard treatment. 
cy, TABLE II 
ind Relative Specific Activity of Tissue TCA Filtrates 
ost 
age Thymus Node Spleen 
as 
Je- I Normal 0.627 1.22 
Adrenalectomized 0.617 1.49 
Hydrocortisone 0.441 0.70 
Vitamin Be.-deficient 0.357 0.36 
ye II Normal 0.853 0.719 0.379 
; Hydrocortisone 0.526 0.688 0.348 
t Fasting 0.949 0.669 0.304 
mv III Normal 0.774 1.05 0.681 
Hydrocortisone* 0.492 0.92 0.659 
0.558 1.13 0.584 
Nitrogen mustard 0.553 1.02 0.528 
Colchicine, 8 hrs. 0.883 1.11 0.546 
" 16 ‘ 0.444 1.02 0.515 
4 3 mg. per 100 gm. of rat. 
{ 1 mg. per 100 gm. of rat. 
Relative Specific Activity of DNA 
Eaperiment ‘Thytius Node ‘pleen 
Adrenalectomised 0.150 O48 
Hydrocortisone 0.028 
Vitamin Dy deficient 0.067 
Normal 0.277 0.261 0.466 
Hydrocortisone 0.085 0. 28:3 0.300 
Fasting 0.263 0.243 0.232 
III Normal 0.165 0.054 0.198 
Hydrocortisone* 0.086 0.065 
0.095 0.067 0.153 
Nitrogen mustard 0.053 0.045 0.100 
le Colchicine, 8 hrs. 0.078 0.027 0.035 
16 0.048 0.026 0.015 
¥ 
. *3 mg. per 100 gm. of rat. 
+1 mg. per 100 gm. of rat. 
The rate of DNA synthesis in the spleen was decreased in all cases, es- 
e pecially after colchicine treatment. 
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The data in Table IV show that hydrocortisone had essentially no effect 
upon the rate of formation of RNA in the thymus, node, or spleen. There 
was, however, an inhibition of RNA synthesis by both nitrogen mustard 
and colchicine in all the lymphoid tissues examined. 

The effects of these agents on cell mitosis and fragmentation are shown 
in Table V. Here can be seen the increased karyorrhexis after treatment 


TABLE IV 

Relative Specific Activity of RNA 
Experiment III Thymus Node Spleen 
0.298 0.134 0.384 
Hydrocortisone*.................. 0.296 0.138 0.411 
0.243 0.134 0.369 
Nitrogen mustard................. 0.167 0.097 0.255 
Colchicine, 8 hrs.................. 0.208 0.114 0.176 


* 3 mg. per 100 gm. of rat. 
1 1 mg. per 100 gm. of rat. 


TABLE V 
Differential Count on Thymus Gland 
Fragmented cells Mitosis 

per cent per cent 
0.5 0.3 
Nitrogen mustard, 2.0 0.2 
Colchicine, 16 hra,.. 4.1 3.3 
g | 3.1 


*3 mg. per 100 gm, of rat. 
{ 1 mg. per 100 gm, of rat. 


with the cytotoxic agents such as colchicine and nitrogen mustard, Hydro- 
cortisone in the dose levels studied had practically no effect on cell frag- 
mentation but did decrease the percentage of mitotic figures. 


DISCUSSION 


It has been shown that DNA turnover reflects lymphocyte production in 
the many lymphoid organs in the body, and also that about 40 to 60 per 
cent of the thymus DNA is renewed in 24 hours (12). This is in fair agree- 
ment with the findings in the present experiments. Since the cells of the 
thymus are renewed in approximately 48 hours and since during this time 
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there is no appreciable increase in thymic size, it follows that the rate of 
disappearance of these cells equals the rate of their renewal. It is 
not known to what extent this disappearance of cells is a result of destruc- 
tion or of mobilization of lymphocytes into the circulation. 

Treatment with hydrocortisone resulted in a marked inhibition of DNA 
synthesis in the thymus (60 to 80 per cent) in 3 hours (Table III). Unless 
cell breakdown was equally retarded, it is apparent that after 3 days the 
loss of thymic tissue would have been complete. Since the percentage of 
fragmented cells in these hydrocortisone-treated rats was within the normal 
range, it seems that the lymphoid atrophy is the result of inhibition of mi- 
tosis. Similar conclusions were drawn by other investigators who also 
found a decreased incorporation of P* into DNA after the administration 
of adrenocorticotropic hormone (13, 14). An inhibitory effect of cortisone 
upon nucleic acid synthesis and of DNA in particular has been shown previ- 
ously by Einhorn e¢ al. in regenerating rat liver (15). 

Robbins et al. (14) found that after adrenocorticotropic hormone there 
was no change in the rate of RNA formation in thymus and spleen, although 
there was a significant decrease in the total RNA content. The total RNA 
content of the popliteal node of a rabbit was found to decrease after cor- 
tisone treatment by Kass et al. (16). 

Nitrogen mustard and colchicine caused an inhibition of RNA synthesis 
in addition to DNA synthesis (Tables III and IV). It is known that col- 
chicine blocks mitosis in metaphase. The longer it exerts its action, the 
more cells should be prevented from dividing and taking up P*® into the 
nucleic acids. This is apparent from the rates of DNA synthesis after 8 
and 16 hours (Table 1V). In summary, colchicine and nitrogen mustard 
in the thymus and spleen inhibit both DNA and RNA synthesis, whereas 
hydrocortisone retards DNA synthesis alone. In studies on regenerating 
liver, a different mode of action of nitrogen mustard asx compared to cor: 
tisone was also observed by Hinhorn ef al. (15), 

Histological data also suggest a difference in the effect of hydrocortisone 
and nitrogen mustard upon lymphoid cells. Administration of hydro- 
cortisone results ina diminution of the percentage of mitotic figures but has 
no effect upon cell fragmentation; this is paralleled by impaired DNA syn- 
thesis and by a lack of effeet upon RNA synthesis. Nitrogen mustard and 
colchicine prevent division and increase cell fragmentation. Thus, it ap- 
pears that after the administration of a cytotoxic agent, such as nitrogen 
mustard, the inhibition of RNA synthesis is related to cell death (7.e. cell 
fragmentation). In contradistinction is the lack of effect of hydrocortisone 
upon RNA synthesis. These findings are compatible with the possibility 
that the adrenal steroid lacks a direct ‘“‘cytotoxic” action; 7.e., it inhibits 
cell proliferation as is evidenced by the diminished synthesis of DNA with- 
out causing cell death. 
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The mesenteric lymph node reacted towards hydrocortisone in a different 
manner than did the thymus gland. In the former tissue, DNA synthesis 
was unchanged or increased, while in the latter it was markedly inhibited. 
Although the lymphoid cells of the thymus appear to be morphologically 
identical with those of the mesenteric node, they respond differently to 
hydrocortisone treatment. Whether this difference in response is the result 
of a different milieu or of a difference in cellular identity is unknown. 


SUMMARY 


1. The uptake of P*® into the intracellular fluid of thymus and spleen is 
consistently decreased after vitamin Bes deprivation and following hydro- 
cortisone, nitrogen mustard, and colchicine treatment. It is enhanced 
following adrenalectomy. 

2. Atrophy of thymus and spleen after hydrocortisone treatment ap- 
pears to be caused entirely by an inhibition of cell proliferation (inhibition 
of P*? uptake into deoxynucleic acid (DNA), decreased rate of mitosis). 

3. Atrophy of lymphoid tissue in mesenteric node appeared to be the 
result of an increased loss of lymphoid cells without suppression of cell pro- 
liferation (unchanged or enhanced uptake of P®? into DNA). 

4. Nitrogen mustard and colchicine treatment resulted in a diminished 
synthesis of DNA and ribose nucleic acid (RNA) in thymus, spleen, and 
mesenteric node. Hydrocortisone treatment inhibited DNA _ synthesis 
only in the thymus and spleen and had no effect upon RNA synthesis in 
thymus, spleen, and lymph node. 
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Studies over the past 20 years on the metabolism of carbohydrates have 
implicated glucuronolactone as a precursor of several compounds of physi- 
ological interest; namely, L-xylulose (1, 2), ascorbic acid (3, 4), and furan- 
2 ,5-dicarboxylic acid (5). 

Studies in vivo from two laboratories, demonstrating that mammalian 
tissues can oxidize glucuronolactone to CO:z (6) but fail to oxidize glu- 
curonic acid (7), have led to the belief that these two closely related com- 
pounds are metabolically distinct. Recent studies in witro (8), however, 
have shown that both the lactone and the acid are at least in part oxidized 
to COs. In the present communication evidence will be adduced for the 
presence of an enzyme system in rat liver that readily hydrolyzes glu- 
curono-y-lactone to glucuronate. 


EXPERIMENTAL 


Preparation of Tissues—Fed rats weighing 200 to 250 gm. were sacrificed 
by stunning and decapitation and organs for study were quickly removed 
and chilled. Slices of liver, kidney, and spleen were prepared with the 
Stadie-Riggs slicer; brain slices were prepared free hand. In the prepara- 
tion of liver homogenates the liver was first pressed through a stainless 
steel screen in order to remove connective tissue, ‘The resulting mash was 
then mixed with an equal volume of 0.154 m KCI and homogenized for 1 
minute in a Potter-KMivehjem ‘Teflon glass homogenizer, In preparing 
homogenates of other tissues the mitial screening step was omitted, 

Analytical Methoda and lxotope Assay CGlucuronolactone was measured 
by an adaptation of the hydroxamie acid procedure of Lipmann and Tut: 
tle (9) as followa: Neutral NELOF was prepared each day from 4 parts of 
4M NHZOH- HCI and 3.5 parts of 3.5 Mm NaOH, An equal volume of 0.1 
M acetate buffer (pH 5.4) was then added. 0.1 ml. aliquots of the sample 
to be analyzed (pH 5.5 to 7.5) were diluted with water to 1 ml. and were 
then added to 1 ml. of the buffered NH,OH reagent in small test-tubes. 
The solution was allowed to stand for 10 minutes to complete the forma- 
tion of the hydroxamic acid derivative, after which 0.25 ml. of concentrated 
HCl, 0.5 ml. of 12 per cent trichloroacetic acid, and 0.25 ml. of 60 per cent 
FeCl;-6H,O were added in that order, with mixing between additions. 
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The tubes were centrifuged for 5 minutes to remove tissue, and the clear 
supernatant fluid was transferred to optically matched test-tubes and read 
in the Beckman model B spectrophotometer at 540 mu. The method is 
sensitive to 0.1 umole of glucuronolactone and its optical density follows 
Beer’s law up to at least 3 umoles. 

Glucuronate was determined as glucuronolactone. Although the con- 
version of the salt to the lactone was nearly quantitative in protein-free 
solutions, it was decreased some 50 per cent in the presence of tissue. The 
procedure was therefore as follows: A 0.5 ml. sample containing glucuronate 
or glucuronolactone + glucuronate was added to 0.5 ml. of 10 per cent tri- 
chloroacetic acid in a small] test-tube and centrifuged. 0.2 ml. of the clear 
supernatant fluid was withdrawn, added to 1 ml. of glacial acetic acid, and 
heated for 1 hour in boiling water to effect the formation of glucuronolac- 
tone. The solution was then evaporated to dryness at 60° in an air stream. 
Higher temperatures were found to cause destruction of the lactone. 1 
m]. of water was added and the procedure described above for the lactone 
was followed, with the omission of the final centrifugation step. 

Chromatography—Tentative identification of glucuronolactone and glu- 
curonate was made by ascending chromatography on No. 1 Whatman 
paper. The solvents used were methanol, formic acid, and water (16:3: 1) 
(Rr of glucuronolactone 0.68, Rr of potassium glucuronate 0.59), and the 
water-poor phase of ethyl acetate, acetic acid, and water (3:1:3) (Rr of 
glucuronolactone 0.31, Rr of potassium glucuronate 0.04). Both com- 
pounds react to give a blue-violet color when sprayed with naphthoresor- 
cinol reagent (2 per cent alcoholic naphthoresorcinol dissolved in 9 parts of 
2 per cent trichloroacetic acid) and then heated for 30 minutes at 90°. 
The lactone gives a red-brown color when sprayed first with neutral NH,OH 
(0.1 mM buffered at pH 5.4 in 0.1 M acetate), air-dried, and then sprayed 
with 10 per cent FeCl;-6H,O, whereas glucuronate does not react. When 
(''Jabeled substrates were used, radioactive bands were located by radio- 
autography and by scanning with a Nuclear Instrument and Chemical 
Corporation paper strip scanner, coupled to an Eesterline- Angus recorder, 

Radioactivity was determined on samples of BaCOsy obtained by wet 
combustion, All samples were counted at infinite thickness with an end 
window Geiger counter, 

Substrates—Both non-labeled and uniformly labeled glucuronolactone- 
C™) at a specific activity of 0.088 ue. per umole, were generously supplied 
by the Corn Products Refining Company, Argo, Hlinois. Potassium glu- 
curonate:2H,O was prepared from the lactone by the procedure of Hach 
and Benjamin (10). The purity of all substrates was established by paper 
chromatography in the solvents described above. 
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Results 


Glucuronolactone disappears rapidly when incubated with rat liver 
slices or homogenates at pH 7.4. That this reaction is enzymatically 
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Fic. 1. Disappearance of glucuronolactone and formation of acid in liver slices. 
1 gm. (wet weight) of rat liver slices was incubated with 120 uzmoles of glucuronolac- 
tone in 6 ml. of 0.154 m potassium phosphate buffer at pH 7.4 and 37° for 30 minutes 
in air and glucuronolactone disappearance was measured (@). The non-enzymatic 
disappearance of substrate was followed in parallel experiments in which boiled slices 
(O) were used and in which slices were omitted (Xx). The formation of acid (@) 
was followed in a separate experiment by titration with standard KOH (0.1 m) added 
at a rate sufficient to maintain the pH above 6.8, measured with the glass electrode. 
Buffer was replaced by isotonic KCl. No significant change in pH was observed 
during a 15 minute incubation with boiled slices. 

Fig. 2. Disappearance of glucuronolactone and formation of glucuronic acid in 
liver homogenates, 2 ml. of rat liver homogenate (= 1 gm. of tissue, wet weight) 
were incubated with 240 pmoles of glucuronolactone and 10 ml. of potassium phos- 
phate buffer for 60 minutes at pH 7.4 and 37°, in air, and glucuronolactone disappear. 
ance was followed (@). The non-enzymatic disappearance was measured in boiled 
homogenate in a parallel experiment (<). CGlucuronolactone glucuronate was 
monsured an described under “Analytionl methoda and isotope asany’’ (4). The 
formation of glucuronate (O) waa caloulated by subtraction of curve (@) from 


curve (@). 


catalyzed is attested by the fact that in 30 minutes 5 times as much lactone 
disappears in the presence of slices or homogenates as in the boiled tissue 
systems or systems devoid of tissue. Compare the curves for glucurono- 
lactone disappearance in Figs. 1 and 2. It is seen in Fig. 3 that the reaction 
is of first order. 
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No increase over the non-enzymatic disappearance was observed in either 
homogenates or slices prepared from the following rat tissues: kidney, 
spleen, brain, testis, and diaphragm (sections). Of the tissues studied, the 
reaction would appear to be restricted to the liver. 

In attempting to ascertain the nature of the reaction, the acidity was 
measured during incubation of glucuronolactone with liver slices and was 
found to increase (Fig. 1) in an amount equivalent to the lactone destroyed. 
In liver homogenate it was found that the total glucuronic acid (2.e. glu- 
curonolactone + glucuronate) remained constant throughout the incuba- 
tion period (see Fig. 2). The dotted curve (Fig. 2), derived by subtraction 


IS 30 
TIME-MINUTES 


Fic. 3. Disappearance of glucuronolactone plotted semilogarithmically. @, rat 
liver homogenate; O, rat liver slices. The data were taken from Figs. 1 and 2. 


6 


of the quantity of lactone from the total at any point, shows the formation 
of glucuronate equivalent to the lactone disappearing. ‘These two find- 
ings suggest that the over-all reaction is the hydrolysis of glucuronolactone 
to glucuronate. 

Further identification of the product as glucuronate was made by paper 
chromatography following incubation of liver slices with uniformly labeled 
glucuronolactone-C™, It is seen in Fig. 4, Strip 5, that only two radioac- 
tive spots are present at the end of the reaction. The slower moving spot 
migrates at the same rate as glucuronate, Strip 1B; the faster moving spot 
as glucuronolactone, Strips LA and 8A. With the spray reagents the spots 
yielded colors identical to those produced by the respective authentic ma- 
terials. 

Final identification of glucuronate was made by isolation of the reaction 
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product from paper chromatograms as follows: The remainder of the radio- 
active incubation mixture was chromatographed on a large sheet of No. | 
Whatman paper in the acetic acid-ethyl acetate-water solvent. The glu- 
curonate band at Rr 0.04, located by radioautography, was cut out and 
eluted from the paper, concentrated by lyophilization, and then chromato- 
graphed on a second sheet of paper in the methanol-formic acid-water 
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Fic. 4. Replicas of paper chromatograms and radioactive scanning records. 32 
umoles (2.88 ue.) of glucuronolactone-C' were incubated with 330 mg. of rat liver 
slices under conditions described for Fig. 1. At 30 minutes the incubation was 
stopped with trichloroacetic acid. The mixture was then homogenized and cen- 
trifuged and the supernatant solution was extracted four times with ether to re- 
move trichloroacetic acid. No C'™ could be detected in the ether extract. The 
aqueous phase was concentrated by lyophilization and chromatographed on No. 1 
Whatman paper strips. I, solvent ethyl acetate-acetic acid-water, 3:1:3; IT, solvent 
methanol-formic acid-water, 16:3:1. 

Strip 1, Spot A, authentic glucuronolactone, detected by naphthoresorcinol 

Spot B, authentic potassium glucuronate, detected by naphthoresorcinol 
Strip 2, Spots A, B, incubation mixture, detected by naphthoresorcinol 
Strip 3, Spot A, authentic glucuronolactone, detected by NH2,OH-: FeCl; 
Strip 4, Spot A, incubation mixture, detected by NH.OH-: FeCl; 
Strip 5, Peaks A, B, incubation mixture, detected by radioactive scanning. The lines 
at the origin and the front of Strip 5 are curved to indicate the curvilinear path of 
the recording pen. 


solvent. The band at Ry 0.59 was cut out and eluted and carrier potas- 
sium glucuronate was added to the eluate. The salt was precipitated and 
recrystallized six times from aqueous methanol. After each reerystal- 
lization a sample was taken for radioactive assay. ‘The specific activity 
of the BaCOy, derived from these samples was found to decrease slightly 
until the third recrystallization and then remained constant. ‘The identity 
of the reaction product was thus conclusively established as glucuronate. 
Although the disappearance of glucuronolactone is balanced by the for- 
mation of glucuronate, the analytical methods used are not. sensitive 
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enough to reveal small changes in total glucuronic acid concentration. In 
order to detect any further breakdown of the substrate, uniformly labeled 
glucuronolactone-C'* was incubated for 30 minutes with liver homogenate 
under conditions previously described. COz2 was collected in the apparatus 
described by Bloom et al. (11). Of the 14,500 c.p.m. of substrate incu- 
bated with the homogenate only 1.3 c.p.m. appeared in the COs, a conver- 
sion of less than 0.01 per cent. At the same time, 70 per cent of the glu- 
curonolactone disappeared. 

From the evidence presented the principal initial fate of glucuronolac- 
tone in liver slices and homogenate appears to be hydrolysis to glucuronate. 
Although combustion of glucuronate to CO» was ruled out in the labeled 
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Fic. 5. Effect of pH on hydrolysis of glucuronolactone. 1 ml. of rat liver ho- 
mogenate was incubated for 60 minutes in air at 37° with 1 ml. of isotonic KCI con- 
taining 100 zmoles of glucuronolactone and 8 ml. of potassium phosphate buffer and 
glucuronolactone disappearance was measured. @, pH 6.5; X, pH 6.0; 0, pH 6.5, 
boiled homogenate; O, pH 6.0, boiled homogenate. At 60 minutes (@) 1 ml. of fresh 
homogenate was added. The values at 75 and 90 minutes were corrected for dilution. 


lactone experiments, further experiments were performed in an attempt 
to elucidate the fate of the salt. No disappearance could be detected in 
systems containing either liver slices or homogenate during the 30 minute 
incubation. In agreement with this finding was the observation that no 
glucuronolactone was formed from glucuronate by liver slices. 

The possibility that liver slices are impermeable to glucuronate led to a 
study of the reversal of glucuronolactone hydrolysis in liver homogenate. 
The reaction was studied at pH 6.0 and 6.5 in order to suppress the rela- 
tively high non-enzymatic hydrolysis of the lactone at pH 7.4.) In neither 
case was there any disappearance of the salt, 

The forward reaction was likewise studied at pH 6.0 and 6.5, At the 
lower pH the enzymatic hydrolysis of glucuronolactone was completely 
inhibited (hig. 5), As expected, the non-enzymatic hydrolysis was also 
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diminished, from 25 per cent in 30 minutes at pH 7.4 to 10 per cent in 60 
minutes at pH 6.0. At pH 6.5 the enzymatic hydrolysis is apparent to the 
extent of about 37 per cent in 60 minutes. As a further test of reversal, 
fresh homogenate was added at 60 minutes. Had the reaction been at 
equilibrium at that time, additional enzyme should have had no effect. 
But, as shown in Fig. 5, the reaction rate was accelerated. The flattening of 
the curve was therefore a consequence of enzyme inactivation and not of 
reversal of hydrolysis. 


DISCUSSION 


The only known reaction for the formation of glucuronic acid in mam- 
malian tissue is the oxidation of uridine diphosphate glucose to uridine 
diphosphate glucuronic acid (12). Whether glucuronic acid, manufactured 
by this reaction, can be released from the nucleotide, either as glucuronate 
or glucuronolactone, for other routes of metabolism than the established 
transfer to phenols (13), alcohols (13), and acids (14) in the detoxication 
process has not been determined. 

The position of glucuronolactone in the over-all metabolism of glucuronic 
acid is not clear. It has been suggested as a precursor of L-xylulose (1, 2) 
and furan-2 ,5-dicarboxylic acid in animals (5) and of ascorbic acid in 
plants (4) and animals (3). In the intact animal the lactone is rapidly 
oxidized to COz2 (6) but does not serve as the substrate for glucuronide 
conjugation (6, 7, 15). Whether it is an obligatory precursor in the above 
reactions, and therefore a normal metabolite, has not been established. 

Although the net reaction reported here is the hydrolysis of glucurono- 
lactone to glucuronate, no inferences can be drawn from these experiments 
concerning the mechanism of the reaction, Whether the formation of the 
salt is an obligatory step in the further breakdown of the lactone or the 
result of the hydrolysis of a phosphorylated or other intermediate remains 
to be demonstrated. In the intact rat, the salt, in contrast to the lactone 
(6), is not oxidized (7), which may be the result of the failure of glucuronate 
to enter the cells. In supplemented slices and homogenates of rat liver 
and kidney both the salt and lactone are decarboxylated (8). These re- 
sults stand in contrast to our present finding that no CO, is evolved from 
either substrate unsupplemented homogenates. Evidently, the co- 
factors associated with the further catabolism of these compounds are de- 
stroyed, even in the preparation of tissue slices, 

Recently Brodie and Lipmann (16) described an enzyme found in bae- 
teri, yeast, and rat liver that hydrolyzed gluconolactone and: glucono- 
lactone -G phosphate, but was inactive agameat glucuronolactone and many 
other Inetones, ‘These renetions were carned out at 6.0.) Sinee the 
enzymatically catalyzed hydrolysis of glucuronolactone is also completely 
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inhibited at pH 6.0 in our system, which is active at pH 7.4 toward this 
substrate, the possibility exists that the same enzyme is responsible for the 
hydrolysis of the two types of lactone. 

Although the rate of disappearance of glucuronolactone in the presence 
of boiled tissue and in tissue-free systems appears to be independent of the 
concentration of lactone over a 60 minute period, as shown by the straight 
lines (see Figs. 1, 2, and 5), the rate is, in fact, not constant with time. 
When the study was extended to a 4 hour period, the non-enzymatic rate 
was observed to decrease with time and followed first order kinetics. Since 
pseudounimolecular reactions, 7.e. bimolecular reactions in which one reac- 
tant is present in large excess, are kinetically of first order (17), it seems 
likely that the non-enzymatic hydrolysis of gluconolactone is not a zero 
order reaction as reported (16) but a first order reaction. 


SUMMARY 


1. Glucuronolactone is hydrolyzed enzymatically to glucuronate by rat 


liver slices and homogenate. 
2. Slices and homogenates of rat kidney, spleen, testis, and brain and 


diaphragm sections fail to carry out this reaction. 
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That liver slices prepared from rat and rabbit tissues form carbon dioxide 
from specific carbons of glucose in a manner which does not conform with 
the unique operation of the Embden-Meyerhof and tricarboxylic acid 
cycles has been demonstrated in numerous studies (1-7). In addition, 
these findings reveal that the Ist carbon of glucose is preferentially oxi- 
dized to carbon dioxide and suggest the operation, in this preparation, of 
elements of the phosphogluconate oxidation pathway. By the use of two 
mathematical derivations it has been estimated that approximately one- 
half of the glucose molecules contributing to carbon dioxide formation are 
catabolized via the Embden-Meyerhof pathway (5). A similar result has 
recently been obtained by Katz ec? al. (7). These investigators have cal- 
culated that, of the glucose molecules catabolized, at least 41 per cent 
enter the Embden-Meyerhof pathway when lactate, gluconate, and acetate 
are present in the incubation medium, whereas in the absence of these added 
substrates this figure amounts to 73 per cent. Evidence supporting this 
conclusion and further aiding the identification of the phosphogluconate 
oxidation pathway as the major or sole component of the non-Embden- 
Meyerhof pathways operative in liver slices has been obtained by study of 
the isotope distribution in carbons 1 and 6 of glucose derived from glycogen 
synthesized from glucose-2-C™, gluconate-6-C™, and ribose-1-C™ (7, 8). 
These isotopic carbons were found to be distributed in glycogen in ac- 
cordance with predictions based on the operation of the phosphogluconate 
oxidation pathway. A review of the early developments in this area has 
been presented by Wood (9). 

Inconclusive results (1) were obtained, however, in early attempts to 
demonstrate the occurrence of a non-Embden-Meyerhof pathway in the 
intact rat. The suggestion was then made that this seeming contradiction 
is either the result of an artifact of the in vitro technique or else a conse- 
quence of the masking of the contribution of liver to carbon dioxide forma- 
lion by that of the extrahepatic tissues of the intact animal. Support for 
the occurrence of a non-Mmbden-Meyerhot pathway in the intact rat has 
heen provided by the studies of Muntz and Murphy (10) and Bernstein 
chal (Vt), ‘The former authors have shown that, following the mtraportal 
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injection of glucose, carbon 1 gives rise to carbon dioxide in much greater 
yield than carbon 6. The latter authors have found that, following the 
administration of NaHCO; to the fasted rat, carbons 1, 2, and 6 are la- 
beled in accordance with the operation of the phosphogluconate oxidation 
pathway. 

The striking inequality of labeling in positions 1 and 6, found in glycogen 
isolated from liver slices incubated with glucose-2-C™ and ribose-1-C™ 
(7, 8), suggested these substrates as sensitive indicators for the detection 
of non-Embden-Meyerhof pathways in the intact rat. For this reason a 
study was made of the distribution of isotope in the glucose derived from 
the liver and muscle glycogen of intact rats receiving glucose-1-C™, glucose- 
2-C4, or ribose-1-C'*. The investigations have dealt also with the effect 
of oxygen tension on the radiochemical yields of carbon dioxide from glu- 
cose-1-C™ and glucose-6-C"™ upon incubation with rat liver slices. 


EXPERIMENTAL 


Studies in Vivo—Male rats (about 150 gm.) of the Sprague-Dawley 
strain, fasted for 24 hours, were given by stomach tube 1.2 ml. of a 50 per 
cent glucose solution per 100 gm. of body weight. Immediately thereafter 
they received by intraperitoneal injection from 5 to 6 ue. of substrate-C™ 
(1 we. per mg.) in about 0.7 ml. of H2O. Expired CO: was collected in 
NaOH towers and muscle and liver glycogen, after addition of carrier, were 
isolated (12). Glucose derived from the glycogen was oxidized to gluco- 
nate by the method of Moore and Link (13), and the radioactivity of car- 
bons 1 and 6 and 1 through 6 of the gluconate was determined as previously 
described (14). 

Studies in Vitro—Slices were prepared from the livers of male rats of the 
Sherman strain. 3 days prior to sacrifice the rats were offered ad libitum 
a diet containing 60 per cent glucose (1). Further details of the incubation 
procedure and COs recovery technique have been presented (1). 


RESULTS AND DISCUSSION 


Following the injection of glucose-2-C™, glycogen recovered from liver 
and muscle was labeled in positions 1 and 6 of its glucose residues (Table 
I). The relative concentration of isotope in these two positions is indi- 
cated by the ratio (b)/(c) and was found to equal or exceed unity in all 
cases, indicating a preferential translocation of carbon from position 2 to 
position 1 rather than to position 6. The ratio was greater at all times 
studied for muscle glycogen than for liver glycogen, and this asymmetry 
of labeling in position 1 and 6 appeared, if anything, to increase with the 
passage of time. In various samples, the value of the ratio ranged approxi- 
mately from unity to 3. 
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This observed asymmetry is in accord with expectations based upon the 
assumption of a functioning phosphogluconate oxidation pathway. It has, 
in a sense, been minimized by the randomization between positions 1 and 
6 which results from the simultaneous operation of the Embden-Meyerhof 
sequence. The extent to which this latter is occurring is indicated in the 
experiment in which glucose-1-C" was injected, from which it may be con- 


TABLE I 
Distribution of Radioactivity in Glycogen of Liver and Muscle 
Trace quantities of the radioactive substrates indicated were given by intraperi- 
toneal injection to fasted rats. Non-isotopic glucose was simultaneously admin- 
istered per os. The animals were sacrificed at the times indicated and the activity 
in glucose carbons derived from the glycogen was determined. 


E ; | Radio- Specific activity* of glycogen carbons 
Substrate mental — Tissue 
period COs 1-6 1 6 2-St 1) 
@) | ©) | * 
hrs. per cent 
Glucose-2-C!4 0.5 0.8 Liver 252 61.7) 55.5} 851) 1.11 
Muscle 493 15.7; 11.2 733 1.40 
ns 1.0 4.2 Liver 342 138 118 499 1.17 
Muscle 165 17.4; 11.2 242 1.55 
3.0 24.0 Liver 1110 375 382 1476 0.98 
Muscle 580 101 31.8 | 837 | 3.18 
o 3.0 15.7 Liver 556 162 91 771 1.78 
Muscle 642 33.2; 15.9 951 2.09 
Glucose-1-C* 2.0 12.1 Liver 608 | 2,055 406 297 5.06 
Muscle 10,160 | 176 57.8 
Ribose-1-C™ 2.0 1.2 Liver 572 | 1,227 o7 536 | 21.5 
Muscle 334 795 30 296 | 22.7 


* Specific activity reported as counts per minute per milliatom of carbon. 
+t Calculated from the expression d = (6a — b — c)/4. 


cluded that far greater randomization precedes the incorporation of glucose 
into liver glycogen than into muscle glycogen. 

Experience with isolated diaphragm had not led us to anticipate the 
present findings (1, 2). In this simpler preparation the earlier evidence 
pointed to the unique operation of the Embden-Meyerhof pathway in 
muscle. The present results suggest that a portion of the glucose entering 
into muscle glycogen of the intact animal arose by the operation of the 
phosphogluconate oxidation pathway. It is not necessary to suppose, 
however, that this glucose was synthesized within the muscle cell, 

In previous studies with liver slices, a striking similarity was noted in the 
distribution of isotope in glycogen after incubation with glucose-2-C™ and 
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with ribose-1-C'™ (8). In the present experiments with intact animals, as 
with liver slices, ribose-1-C'* was found to contribute more isotope to posi- 
tion 1 of glucose than to position 6. The ratio (b)/(c) was about 22 both 
in liver and in muscle glycogen. Whereas in liver slices this ratio was of 
approximately equal magnitude after glucose-2-C and ribose-1-C"™ incuba- 
tion, in the liver of the intact animal far greater asymmetry of labeling is 
noted after ribose-1-C™ than after glucose-2-C"™ injection. The basis for 
this difference is uncertain. 

In earlier experiments in which yields of C“O:. were measured after in- 
jection of glucose labeled in various positions (1), no evidence could be ad- 


TABLE II 
Effect of Oxygen Tension on Conversion of Glucose-C' to C402 in Vitro 
Rat liver slices were incubated for 3 hours at 37.8° with 5.5 ml. of bicarbonate 
buffer containing 50 uwmoles of glucose labeled as indicated. Experiments 1 to 4 
contained in addition 50 umoles each of gluconate, acetate, and lactate. Radiochem- 
ical yields of COz2 are calculated per 500 mg. of tissue. 


95 per cent Oc-5 per cent COe 47.5 per cent O2-47.5 per cent Ne-5 per cent CO: 
Experiment | Radiochemical yield of CO:z Radiochemical yield of CO2 
No. from glucose Glucose-6-C4 from glucose Glecese-6-C™ 
Glucose-1-C'4 Glucose-1-C!4 
-1-C™ -1-C14 -6-CM4 
per cent per cent per cent per cent 
1 8.10 2.36 0.29 4.55 1.29 0.28 
2 4.05 1.47 0.36 2.44 0.73 0.30 
3 5.69 1.23 0.22 
4 5.61 1.93 0.34 4.47 1.33 0.30 
5 5.90 2.61 0.44 2.88 1.22 0.42 


duced for the occurrence of the phosphogluconate oxidation pathway in the 
intact animal. This finding, considered together with clear-cut evidence 
for the occurrence of this pathway in liver slices, led to two possibilities 
to account for the apparent discrepancy between the liver slice and the 
intact animal] experiments. One of these was that the contribution of the 
liver to total body CO: in the intact animal was small and was masked by 
the contribution of muscle and other tissues. The present findings, based 
upon a study of the glucose generated in the body rather than the COz, 
reveal the occurrence of a process or processes which deliver carbon 2 of 
glucose preferentially to position 1, in accordance with predictions based 
upon the operation of the phosphogluconate oxidation pathway. <A second 
explanation of the foregoing apparent discrepancy resides in the possible 
abnormal behavior of the sliced liver shaken under an oxygen-rich atmos- 
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phere. The possibility was entertained that oxidation of glucose-6-phos- 
phate might be abnormally enhanced in such a preparation as a result of the 
high oxygen tension. For this reason, the yields of CQO, from glucose-1- 
C' and glucose-6-C' upon incubation with liver slices have been deter- 
mined at two different oxygen tensions (Table II). Whereas at the lower 
oxygen tension smaller quantities of C-1 and C-6 of glucose were delivered 
to COs, these two yields fell proportionately and their ratio remained essen- 
tially constant. 

The present experiments, together with those reported earlier, are taken 
to mean that in the liver of the intact animal, as in the liver slice, there is 
an active phosphogluconate oxidation pathway. That its presence was not 
detected when expired COz alone was studied is attributed to the masking 
of low COz yields from liver by larger CO: yields from other tissues. 


SUMMARY 


The distribution of isotope in carbons | and 6 of glucose derived from 
liver and muscle glycogen has been determined following administration 
of glucose-1-C™, glucose-2-C™, and ribose-1-C to the intact rat. It has 
been shown that ribose-1-C™ and glucose-2-C™ form glycogen which is 
asymmetrically labeled in positions 1 and 6. On the basis of these findings 
the conclusion is drawn that in the intact rat there exists a non-Embden- 
Meyerhof pathway which has certain characteristics of the phosphoglu- 
conate oxidation pathway. 

The ratio of radiochemical yields of COz upon incubation of rat liver 
slices with glucose-1-C™ and glucose-6-C"™ is unaffected by lowering of the 
oxygen content of the gas phase from 95 per cent to 47.5 per cent. 
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Research Laboratory, Cornell University Medical 
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The tricarboxylic acid (TCA)! cycle was proposed in 1937 by Krebs and 
Johnson on the basis of observations made with mammalian and avian 
tissues, and the enzymes of the cycle have been demonstrated in extracts 
of such tissues. These enzymes have also been demonstrated in extracts 
of various microbes. But though the cycle has been generally accepted 
as the predominant or sole path of acetate oxidation in animals, its impor- 
tance in microbes has been a source of considerable controversy. There is 
an extensive literature which for unicellular organisms disputes the exist- 
ence of the cycle (2—5) or minimizes its importance (6-8) or proposes alter- 
native pathways for the oxidation of acetate (9-11). However, many of 
the experimental results on microorganisms that appeared to conflict with 
the TCA cycle can be accounted for by limited permeability of the organ- 
isms to certain intermediates of the cycle. Indeed, using methods that 
avoided this difficulty Krampitz and colleagues (12-14) have recently 
provided cogent evidence that the TCA cycle has the same function in 
certain bacteria as in mammals. 

Since the question is an important one, it has seemed desirable to study 
it further by still another approach. In the present work microbial mu- 
tants, which have been so valuable in the analysis of biosynthetic paths, 
are applied to the problem of the catabolism of acetate. Evidence will be 
provided that a genetically induced block in the TCA cycle in Escherichia 
colt and Aerobacter aerogenes results in practically complete loss of the abil- 
ity to oxidize acetate. It follows that practically all, if not all, the oxida- 
tion of acetate in these bacteria takes place through the TCA cycle. Evi- 
dence is also provided that alternative pathways for glucose oxidation, 
by-passing acetate (or acetyl CoA), play at most a minor rdle in E. colt. 


* A preliminary report on this material has appeared (1). 

t Postdoctoral Fellow of the National Foundation for Infantile Paralysis. Pres- 
ent address, Department of Biochemistry, New York University College of Medicine, 
New York 16, New York. 

t Present address, Department of Pharmacology, New York University College 
of Medicine, New York 16, New York. 

1 The following abbreviations are used: TCA, tricarboxylic acid; TPN, triphos- 
phopyridine nucleotide; CoA, coenzyme A; Tris, tris(hydroxymethy!)aminomethane. 
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Materials and Methods 


Mutant strain M22-64, which requires glutamate or a-ketoglutarate for 
growth, was obtained from the W wild type strain of L’. coli (ATCC 9637) 
by means of the penicillin method (15, 16). Batches of cells of both the 
parental and the mutant strain were obtained by cultivation overnight in 
half filled 1 liter flasks on a rotary shaker at 37°. Minimal medium A (17) 
minus citrate was employed, containing 0.5 per cent glucose and supple- 
mented with 0.2 mg. of monosodium L-glutamate per ml. With the mu- 
tant cells appropriate subcultures were performed to insure the absence of 
significant quantities of reverted cells. 

The cells were harvested by centrifugation at room temperature and 
were washed twice by suspension in 0.033 M potassium phosphate, pH 7.0, 
and centrifugation. To prepare enzyme extracts the washed cells were 
either ground immediately with Pyrex glass powder (18) or were lyophilized 
immediately and ground later. The resting cell experiments were per- 
formed with cells that had been stored at 4° for periods ranging from a few 
hours to a few days. 

Isocitric dehydrogenase activity was measured by observing in a Beck- 
man spectrophotometer the rate of reduction of TPN with dl-isocitric acid 
as substrate (19). To measure aconitase activity citrate was substituted 
for isocitrate, for in the extracts studied isocitric dehydrogenase was pres- 
ent in large excess and hence the conversion of citrate to isocitrate became 
the rate-limiting step. Condensing enzyme activity was measured indi- 
rectly in terms of citrate formation from lithium acetyl phosphate and 
oxalacetate, in the presence of catalytic amounts of CoA (20). Citrate 
was determined colorimetrically (21). Condensing enzyme was also as- 
sayed directly by replacing the acetyl phosphate by substrate amounts of 
acetyl CoA, prepared according to the method of Simon and Shemin (22). 
Acetokinase activity was determined according to the method of Rose ef 
al. (23). Phosphotransacetylase was assayed by determining the rate of 
arsenolysis of lithium acetyl phosphate (24). Protein concentration was 
determined spectrophotometrically (25). For isotope analysis, CO, sam- 
ples were precipitated as BaCOs and were collected on Tracerlab filtration 
apparatus EE8A, which yielded uniform distribution over an area of 2.84 
sq.cm. Other samples were plated directly on copper planchets. Radio- 
activity was determined in an end window counter to a probable error of 
less than 3 per cent, and the counts were corrected for self-absorption 
according to the data of Yankwich et al. (26). 

We are greatly indebted to Dr. S. Ochoa for a gift of oxalacetic acid, to 
Dr. M. Grunberg-Manago for lithium acetyl phosphate, and to Dr. D. 
Shemin for methyl- and for carboxyl-labeled acetic acid-C™. 
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EXPERIMENTAL 


Simultaneous Blocks in Glutamate Synthesis and Acetate Utilization—The 
wild type strain of F. coli used can grow on a synthetic medium consisting 
of minerals, ammonia, and a simple carbon source. With glucose, lactate, 
or succinate as the carbon source, mutant strain ]22-64, which is blocked 
at some stage in the synthesis of glutamate, was found to grow at about 
the same rate as the wild type on the same carbon source, provided gluta- 


TABLE I 
Growth Response to Various Carbon Sources 


The wild type £. coli and mutant M22-64 were streaked on plates of solid minimal 
medium without glucose, supplemented with 100 y per ml. of sodium L-glutamate 
and 0.2 per cent of the carbon sources listed. Heaviness of growth was compared 
visually after 24 and 48 hours of incubation; } = barely visible colonies, 4 = heavy 
growth. (This crude system of comparing growth responses is better for present 
purposes than quantitative measurements in liquid media, since the latter procedure 
permits outgrowth of the reversions (back-mutants) that appear occasionally in the 
mutant cultures.) The background growth without added carbon source is due to 
utilization of the glutamate as carbon source. 


Growth of strain 


Carbon source Wild type M22-64 


24 hrs. 48 hrs. 24 hrs. 48 hrs. 


None (note glutamate present)............ 
Sodium a-ketoglutarate.................... 


WWW 


mate was present. With acetate, in contrast, also in the presence of gluta- 
mate, the mutant showed no detectable growth response, even when ob- 
served after several days of incubation on a solid medium (Table I). 
Similar results have been obtained with all six other glutamate auxotrophs 
isolated in this laboratory, five from LF. coli and one from A. aerogenes. 
Apparently glucose, lactate, or succinate can serve as carbon and energy 
source for the mutants, whereas acetate cannot.” 


2 Glutamate, which is readily convertible to succinate by the wild type or the mu- 
tants, can also serve as carbon source. In these experiments a small amount of glu- 
tamate was added in order to satisfy the specific requirement of the mutant. The 
limited growth response to this material is shown in the first row of Table I. 


| 
| 
| | 
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The block in glutamate synthesis and that in acetate utilization might 
conceivably have each arisen in these strains from different mutations. In 
this case it would be expected that the two losses could be separately re- 
stored by further, reverse mutations. Accordingly, cells of M22-64 were 
irradiated with ultraviolet light in order to increase the rate of reversion 
and were plated in large numbers (about 10° viable cells) on appropriate 
media. Two media were used: one containing glucose but no glutamate, 
to select for loss of the glutamate requirement, and one containing acetate 
and a small amount of glutamate, to select for loss of the acetate block. 
On both media a number of colonies grew after 2 to 3 days, and about ten 
of each kind were tested further. Every one of these reverse mutants had 
lost both blocks. It can therefore be concluded that both blocks had arisen 
from a single mutation. Furthermore, on the basis of what is known of 
gene-enzyme relationships, as will be discussed below, it seems reasonable 
to assume that this single mutation had resulted in loss of the ability to 
synthesize one enzyme. Absence of this enzyme would then be responsible 
for the two metabolic deficiencies observed in strain M22-64. 

Location of Enzymatic Block in Mutant Strain M22-64—a-Ketoglutarate 
was found to replace glutamate as a growth factor for mutant M22-64, 
although the resultant growth was slow, presumably because of limited 
permeability.4 In view of the position of a-ketoglutarate in the TCA cycle 
and the irreversibility of the reaction that converts this compound to suc- 
cinate (28), the nutritional requirement of the mutant could be accounted 
for by deficiency of either citrate-condensing enzyme, aconitase, or iso- 
citric dehydrogenase. However, the negative results of tests of citrate, 
aconitate, or isocitrate as replacements for glutamate did not throw light 
on the site of the block, since these compounds were also unable to serve as 
a carbon source for the wild type (as is well known for citrate), presumably 
because of inability to penetrate the cell and reach the appropriate en- 
zymes. 

Because of this failure of the conventional nutritional approach, extracts 
of the mutant and of the wild type, obtained under identical conditions of 


3 Indeed, in the course of isolating several hundred auxotrophic mutants one strain 
was encountered with a multiple requirement (shikimic acid plus histidine) that 
could not be readily accounted for by a single metabolic block. It proved possible 
to obtain, by selection on appropriate media, reversions that had lost one or the 
other of these requirements, and ultraviolet irradiation increased the frequency of 
these reversions. It was not possible to obtain reversion of both blocks in a single 
selection step. This strain had clearly mutated in two different genes and lacked 
two corresponding enzymes. 

4This mutant can also respond to proline and to its precursor, glutamic y-semi- 
aldehyde, which are biosynthetic products of glutamate (27). No other compounds 
tested, including various amino acids and the intermediates of the TCA cycle other 
than a-ketoglutarate, were active. 


— 
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growth and extraction, were examined for their content of the enzymes in 
question. The results are presented in Table II. It is seen that isocitric 
dehydrogenase was present in the two extracts in roughly comparable 
amounts. Aconitase was likewise present in both extracts, the low activ- 


TABLE II 


TCA Cycle Enzymes and Acetate-Activating Enzymes in Extracts 
of E. coli Wild Type and Mutant M22-64 Strains 


The isocitric dehydrogenase and aconitase assays are as follows: 120 umoles of 
potassium phosphate buffer, pH 7.0; 0.12 umole of TPN; 4 umoles of dl-isocitric acid 
or 10 umoles of sodium citrate; bacterial extract in appropriate amount; final volume 
3.0 ml.; temperature 25°. 

The condensing enzyme assay is 100 uwmoles of Tris buffer, pH 8.0; 5 uwmoles of 
MgCl.; 10 umoles of lithium acetyl] phosphate; 50 y of CoA (Pabst); 1 mg. of cysteine; 
10 wmoles of dipotassium oxalacetate; bacterial extract; final volume 1.0 ml.; incu- 
bated 30 minutes at 25°; reaction stopped with 1 ml. of 12 per cent trichloroacetic 
acid and citrate determined. 

The acetokinase assay is 5 umoles of MgCl:; 10 umoles of adenosine triphosphate; 
1 mg. of cysteine; 100 wmoles of sodium acetate; 142 umoles of hydroxylamine; 100 
umoles of Tris buffer, pH 8.0. The bacterial extracts are wild type, 4.3 mg. of pro- 
tein; M22-64, 5.6 mg. of protein; final volume 1.5 ml; incubated at 25° for 30 minutes; 
reaction stopped with 1 ml. of 12 per cent trichloroacetic acid and hydroxamic acid 
determined. 

The phosphotransacetylase assay is 50 umoles of potassium arsenate, pH 8.0; 1 
mg. of cysteine; 50 y of CoA; 2.5 uwmoles of lithium acetyl] phosphate; wild type or 
mutant extract, 1.3 mg. of protein; final volume 1.0 ml.; incubation at 25° for 10 
minutes, followed by addition of 0.5 ml. of 3.33 m hydroxylamine and further incuba- 
tion for 10 minutes; reaction stopped with 1.0 ml. of 12 per cent trichloroacetic acid. 


Specific activity* 
Enzyme 
Wild type M22-64 
Isocitric dehydrogenase........................... 40 88 
Condensing enzyme 
Celts grown on glucose plus glutamate .......... 8.8 0 (<0.1) 
succinate plus glutamate ........ 25 0 (<0.1) 
64 13 


* The values are given in millimicromoles per minute per mg. of protein. 


ities reflecting the known instability of thisenzyme. In contrast, condens- 
ing enzyme, though present in extracts of the wild type, could not be de- 
tected in several preparations of the mutant. The test could have detected 
the enzyme in the mutant extract in a concentration less than 1 per cent 
of that observed in the wild type. Furthermore, mixtures of wild type and 
mutant extract yielded the expected activity of the condensing enzyme, 
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indicating that the inactivity of the mutant extract was indeed due to 
absence of the enzyme rather than to the presence of an inhibitor. 

The assay used in the measurement of condensing enzyme (conversion 
of acetyl phosphate to citrate) depends on the presence of phosphotrans- 
acetylase. Condensing enzyme activity was therefore also directly meas- 
ured by observing the formation of citrate from oxalacetate and substrate 
amounts of acetyl CoA. Again, a wild type extract was active and a 
mutant extract was not. These results lead to the conclusion that the 
mutation in strain M22-64 has resulted in severely (or completely) impaired 
ability to form the citrate-condensing enzyme. 

The enzymes responsible for acetate activation in this species, aceto- 
kinase and phosphotransacetylase, were also assayed in extracts of both 
the mutant and the wild type. The results are presented in Table IT and 
show that the mutant, like the wild type, can convert acetate to acetyl 
CoA. 

In addition to the particularly pertinent group of enzymes described 
above, the other enzymes of the TCA cycle were also tested in mutant and 
wild type cells in order to provide further assurance of the specificity of 
the effect of the mutation. These enzymes were detected by measuring 
the effect of a-ketoglutarate, succinate, or fumarate on the oxygen uptake of 
non-proliferating cell suspensions of the mutant and the parental strain. 
The results, which are presented in Table III, provide evidence that the 
absence of condensing enzyme in M22-64 has not been accompanied by 
absence of any of the enzymes responsible for the conversion of a-ketoglu- 
tarate to oxalacetate or pyruvate, 2.e. a-ketoglutaric dehydrogenase, succinic 
dehydrogenase, fumarase, and either malic dehydrogenase or malic enzyme. 
While these manometric data do not provide direct measurements of the 
activity of these enzymes, they do provide minimal values. 

These results indicate that the defect in acetate metabolism exhibited 
by the mutant is entirely due to absence of the condensing enzyme. 

Oxidation of Acetate—As was noted above, acetate can serve as a carbon 
source for growth of the wild type but not of the mutant. This difference 
was paralleled by the observation, shown in Table III, that acetate aug- 
mented the respiration of wild type cells but not that of mutant cells. 
However, the high endogenous respiration permitted only a rough estimate 
of the extent to which the mutant was blocked in acetate oxidation. Ex- 
periments with labeled acetate were therefore undertaken. 

Washed resting cells of the mutant and the wild type, suspended in 
phosphate buffer, were shaken with C-labeled acetate in conventional 
Warburg flasks with air as the gas phase. The CO. produced was trapped 
by alkali in the center well, and at the conclusion of the experiment it was 
precipitated as BaCO; and its radioactivity was determined. The sensi- 
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tivity of such an experiment is limited only by the specific activity of the 
acetate. The mutant was found under these conditions to convert acetate 
to COz at less than 1/400 the rate of the parental strain (Table IV). 

In order to determine whether this dramatic difference would also be 
present under conditions of growth, the experiment was repeated with a 
small inoculum and a medium that would support growth (7.e., one con- 
taining glutamate and glucose). There was an almost logarithmic increase 
in oxygen uptake during the course of the experiment, which provided 


TABLE III 


Oxidation of TCA Cycle Intermediates and Acetate by Intact 
Cells of E. coli Wild Type and M22-64 Strains 


The oxygen uptake was determined manometrically. The substrate consisted of 
either 5 umoles of a-ketoglutarate, 5 umoles of succinate, 5 uymoles of fumarate, 10 
umoles of pL-malate, or 100 umoles of acetate. The resting cell suspension was for 
‘substrates other than acetate 13.5 mg. (dry weight) of M22-64 or 18 mg. of the wild 
type, and for acetate 27 mg. of M22-64 or 32.5 mg. of the wild type; 120 umoles of 
potassium phosphate buffer, pH 7.0; final volume, 1.8 ml.; temperature 30°. The 
oxygen uptakes represent initial rates. The values are given in microliters per hour 
per mg. of cells (dry weight). 


Rate of oxygen uptake by resting cell suspensions 


Substrate Wild type M22-64 
Increment in presence of 

Increment in presence of 


evidence that the cells were growing. As can be seen from the data of 
Experiment IJ, Table IV, under these conditions, also, the mutant is virtu- 
ally incapable of forming COz from acetate. 

These data show that in a strain of /. coli lacking condensing enzyme, 
and therefore unable to introduce acetate carbon into the TCA cycle, there 
is no quantitatively significant alternative pathway for oxidizing acetate to 
CO. The data obtained with isotopes, of course, do not exclude partial 
oxidation of acetate to products other than COs, but the possible extent 
of such reactions is limited by the results of the respirometric observations. 

Oxidation of Other Substrates—The classical path for the oxidation of 
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glucose is glycolytic conversion to pyruvate, followed by conversion to 
acetyl CoA and then further oxidation via the TCA cycle. However, 
other pathways of glucose metabolism are known. In particular, Horecker 
and Mehler (29) and Racker (30) have shown that phosphogluconic acid 
oxidation, followed by regeneration of hexose phosphate via the pentose 
phosphate pathway, can theoretically effect complete oxidation of glucose 
without the intervention of the TCA cycle. Since the block in the TCA 
cycle in M22-64 should leave intact any alternative pathways, this mutant 
offers an opportunity for assessing the importance of such pathways. For 


TaBLe IV 


Conversion of Radioactive Acetate to COz by E. coli 
Strains Wild Type and M22-64 

Experiment I, resting cells, 18 mg. (dry weight); 120 uzmoles of potassium phos- 
phate buffer, pH 7.0; 10 uzmoles of sodium acetate labeled with C"; final volume 1.8 
ml.; alkali in center well, gas phase air; incubated at 30° until acetate oxidation was 
complete (110 minutes). Experiment II, growing cells in 4.50 ml. of minimal medium 
containing 125 uzmoles of glucose, 5 wymoles of sodium glutamate, and 9 uzmoles of la- 
beled acetate; inoculum 0.2 ml. of culture of the wild type or M22-64 in logarithmic 
phase of growth. Wild type flasks were incubated as above for 315 minutes, mutant 
flasks for 465 minutes. The oxidation of acetate was incomplete: substrate radio- 
activity (total counts per minute) was 5920 for C'4H;CO2H and 25,400 for CH;C**O.H. 


Isotope converted to CO: 
Experiment No. Substrate 
Wild type M22-64 
total c.p.m. total c.p.m. 
I (resting cells) C“H,CO.H 8,850 20 
CH;C"“O.H 41,200 104 
II (growing cells) C“H;CO.H 531 4 
CH;C"“O.H 4,850 13 


this purpose observations were made on the extent to which the mutant 
and the wild type could oxidize glucose and pyruvate. 

The experiments were carried out manometrically with limited amounts 
of substrate and were concluded when the rate of oxygen uptake in flasks 
containing substrate equaled the endogenous rate. Moles of oxygen con- 
sumed per mole of substrate were determined for both the mutant and the 
wild type. The results are presented in Table V and are compared with 
theoretical values for complete oxidation and for oxidation to the level of 
acetate, based on the following reactions: 

CeH:206 + 602 — + 6H:0 
C6Hi20¢ + 202 2CH;CO.H + 2CO: + 2H:0 
CH;COCO:H + 0.50: — CH;CO.H + CO, 
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It can be seen that the wild type yielded 3.6 moles of O, per mole of sub- 
strate for glucose instead of the theoretical 6 for complete oxidation, and 
1.77 for pyruvate instead of the theoretical 2.5. The differences are pre- 
sumably due to assimilatory side reactions (31). With the mutant, in con- 
trast, the oxygen uptakes noted with pyruvate and glucose are much lower 
and correspond closely to oxidation to the level of acetate (allowing for 
some assimilation in the case of glucose). Thus the W strain of EL. coli 
appears under these conditions to have no major pathway of complete 
glucose oxidation other than that leading to the TCA cycle. It is to be 
noted that in the mutant any such alternative pathways would be expected 
to be at least as active as in the wild type, and possibly even more active 
as a result of adaptive reactions to the metabolic block. 


TABLE V 
Extent of Oxidation of Glucose and Pyruvate by 
E. coli Wild Type and M22-64 Strains 
200 umoles of potassium phosphate, pH 7.0; 5umoles of p-glucose or sodium pyru- 
vate; 13.2 mg. (dry weight) of either the wild type or mutant cells; final volume 1.8 
ml.; alkali in center well; temperature 30°. 


| 


Oxygen uptake, moles per mole substrate 


Substrate | Theoretical for | Theoretical for Observed 
complete oxidation to 
oxidation level of acetate Wild type M22-64 
ee 2.5 0.5 | 1.77 0.50 


Other Mutants Deficient in Citrate-Condensing Enzyme—aAs noted above, 
five other glutamate auxotrophs of I. coli and one of A. aerogenes were 
encountered and all were found, like M22-64, to be unable to grow on ace- 
tate as carbon source. Enzymatic studies of extracts showed that in each 
case the citrate-condensing enzyme was lacking. The A. aerogenes mu- 
tant, strain A215B-19, was particularly interesting, since the wild type of 
this species, unlike EF. coli, can utilize citrate as carbon source. This mu- 
tant was indeed able to utilize citrate as a replacement for glutamate under 
certain conditions (lactate as carbon source, or citrate both as carbon 
source and as replacement for glutamate).® 

Other Possible Mechanisms of Glutamate Formation—Two known mecha- 
nisms of glutamate formation that do not require the citrate-condensing 


’ The presence of glucose prevents the A. aerogenes mutant from utilizing citrate. 
The mechanism responsible for this phenomenon will be discussed in a separate 


paper. 
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enzyme include the succinate-glycine cycle (82) and the degradation of 
histidine (33). ‘These substances were therefore tested as replacements 
for glutamate. 

A mixture of succinate and glycine was found to be inactive for both E, 
coli mutant M22-64 and A. aerogenes A215B-19. It therefore appears that 
the succinate-glycine cycle, even in the presence of an excess of substrate, 
cannot serve as a significant source of glutamate in these species. In con- 
trast, histidine was found to replace glutamate as a growth factor for the 
A. aerogenes mutant, but not for the E. coli mutant. This fact is consist- 
ent with the known ability of A. aerogenes but not EF. coli to degrade histi- 
dine to glutamate (34, 35). The adaptive nature of the degradation in 
wild type A. aerogenes (34) shows that endogenous histidine fails to induce 
formation of the degradative mechanism. The behavior of mutant 
A215B-19 shows further that this induction fails to occur even when the 
organism is starved for glutamate and is able to make histidine. Other- 
wise the mutant should be able to grow, at least slowly, without either 
glutamate or histidine. 

Glucose prevents A. aerogenes from adapting to histidine degradation 
(34). However, this inhibition does not appear to be complete since histi- 
dine was able to replace glutamate for the A. aerogenes mutant, though 
slowly, with glucose as carbon source. With lactate as carbon source his- 
tidine supported as rapid growth as did glutamate. 


DISCUSSION 


It has been shown that certain mutants of EL’. coli and A. aerogenes have 
lost, within experimental limits, the ability to form the citrate-condensing 
enzyme. 

One consequence of this enzymatic deficiency is a nutritional require- 
ment for a-ketoglutarate or glutamate. This finding is in harmony with 
the isotopic evidence that in EF. cola glutamate is normally formed via the 
TCA cycle (6, 36). In addition, the present experiments show that even 
when this pathway is blocked there is no significant formation of glutamate 
from. glucose by other possible pathways (e.g., the succinate-glycine cycle 
or the degradation of histidine). It can be concluded that in EF. coli and 
A. aerogenes the “‘upper” part of the TCA cycle is an obligatory path for 
forming the carbon skeleton of glutamate from glucose or other general 
carbon sources. 

A second consequence of the block in these mutants is a virtually com- 
plete loss of the ability to oxidize acetate. It can be concluded that in 
these species the TCA cycle is the sole significant pathway for this oxida- 
tion.® 


6 Many auxotrophic mutants are not completely blocked but contain demonstrable 
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The above conclusions are based on the assumption that only one en- 
zyme has been eliminated in these mutants. Alternatively, the mutations 
would have had to eliminate not only the citrate-condensing enzyme but 
also some other, unknown enzyme in a second pathway of acetate oxida- 
tion. Rigorous exclusion of this possibility, of course, is not practicable, 
though a variety of other enzymes related to acetate metabolism were 
examined and were found to be present in the mutant as well as in the wild 
type. However, in considering the possibility of a double enzymatic de- 
ficiency it should be noted that thousands of auxotrophic mutants of bac- 
teria and molds have been studied, and the nutritional requirements of 
nearly all, including many with complex requirements, can be explained 
by the deficiency of a single enzyme. Furthermore, direct enzymatic stud- 
ies have been carried out in this laboratory on extracts of mutants blocked 
in seven different reactions, and in other laboratories on even a greater 
number; the results have in each case confirmed the inference, based on 
nutritional observations, that each mutation had eliminated a single en- 
zyme. Finally, while there are a few auxotrophic mutants of more obscure 
nature, in none of these has a single mutation been shown to cause loss of 
the ability to form more than one enzyme. It therefore seems exceedingly 
unlikely that all six glutamate auxotrophs had developed such an unprece- 
dented double enzymatic deficiency resulting from a single block. 

One often postulated alternative pathway of acetate oxidation is the Thun- 
berg-Wieland ‘‘back-to-back”’ condensation to yield succinate. This path- 
way appears to be excluded for E. coli by the finding that mutant M22-64 
can utilize succinate but not acetate as a carbon source for growth and as a 
substrate for respiration. This conclusion raises the question of how the 
wild type organism, when growing on acetate as sole carbon source, accom- 
plishes the necessary net synthesis of dicarboxylic acids. The present re- 
sults would be consistent with a mechanism, however indirect, by which 
the carboxyl groups of oxalacetate arose from COs, while the 2 central 
carbon atoms arose from acetate which had not been oxidized to COs>. 

On the basis of isotopic studies on the fate of glucose as a carbon source 
for growing EF. coli, Roberts et al. (6) have concluded that the TCA cycle is 
important in this organism only as a biosynthetic path and not as a mech- 
anism of terminal respiration. However, it is apparent that under the 
conditions of their experiments glucose was being incompletely oxidized, 
and large amounts of acetate were accumulating. Their data are therefore 
not in conflict with our conclusion that in EF. coli glucose oxidation occurs 


small amounts of the deficient enzyme. This fact increases the likelihood that mu- 
tants with an apparently complete block might contain traces of the deficient enzyme 
too small to detect. Such a situation in M22-64 could account for its observed slow 
conversion of radioactive acetate to CO2 (<1/400 the wild type rate). Hence, 
even this slight oxidation of acetate did not necessarily occur outside the TCA cycle. 
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predominantly via acetate (or acetyl CoA), and acetate oxidation occurs 
exclusively via the TCA eycle. Our results are in conflict, however, with 
the reported presence in /’. coli of an enzyme capable of reversibly convert- 
ing succinate and CoA to 2 molecules of acetyl CoA (37). 


SUMMARY 


A number of mutants of Escherichia coli and Aerobacter aerogenes have 
been shown to lack the citrate-condensing enzyme, and there is excellent 
reason to believe that no other reaction has been blocked in these strains. 
As a result of the metabolic block, these mutants exhibit (a) a nutritional 
requirement for glutamate or a-ketoglutarate, (b) a virtually complete loss 
of the ability to oxidize acetate (but not succinate), and (c) a considerable 
decrease in the extent to which glucose is oxidized to COs. 

These findings offer strong evidence that the tricarboxylic acid cycle is 
the only significant pathway in these species for acetate oxidation, as well 
as for a-ketoglutarate synthesis. In particular, succinate formation by 
“back-to-back”? condensation is excluded. In addition, these findings sug- 
gest that alternative pathways, not involving acetate, do not play a major 
part in the oxidation of glucose in these species. 
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Recent work from this laboratory has dealt with the biochemical mech- 
anism by which the conversion of cholesterol to coprostanol was accom- 
plished in human subjects and in incubation experiments (1). The trans- 
formation was shown to occur by saturation of the 5,6 double bond of 
cholesterol without the intermediate formation of a ketone at C-3. Where 
cholesterol-3d-4-C' was used, an appreciable amount of deuterium was 
present in coprostanol at positions other than C-2, C-3, or C-4, and it was 
presumed that this isotope was at C-5 or C-6. In this communication, it 
has been definitely established that the deuterium which was not present 
at C-3 in coprostanol was attached to carbon at the 5 and 6 positions of the 
sterol nucleus or exclusively at C-6. 


EXPERIMENTAL! 


Coprostanone-d from Coprostanol-8 ,5? ,6?-d—Coprostanol (414 mg.), ob- 
tained from the incubation experiments described previously (1), was oxi- 
dized at room temperature with 2 per cent chromic oxide in acetic acid. 
The oil recovered from this reaction was refluxed for 3 hours in 0.5 N po- 
tassium hydroxide in 90 per cent methanol, and the product was chromato- 
graphed on Merck acid-washed alumina. 377 mg. of coprostanone were 
obtained from the fractions eluted by petroleum ether-benzene (19:1). 
This substance was recrystallized twice from methanol affording 217 mg. 
of coprostanone, m.p. 69.5-71°; 0.055 AD (atoms per cent excess deute- 
rium); infra-red spectrum identical with that of an authentic sample. 

48-Bromocoprostane-3-one-d—188 mg. of the coprostanone were dis- 
solved in 10 ml. of glacial acetic acid and mixed with 1.11 ml. of 0.462 n 
bromine in glacial acetic acid (2). Ether was added, and the solution was 
washed successively with 2 per cent sodium sulfite, dilute sodium hydroxide, 


* This investigation was supported in part by an institutional research grant from 
the American Cancer Society, the Lillia Babbitt Hyde Foundation, and a research 
grant (No. C-440) from the National Cancer Institute of the National Institutes of 
Health, United States Public Health Service. 

1 All melting points are corrected. 
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and water, and dried over sodium sulfate. Removal of the solvent yielded 
222 mg. of oily crystals which were recrystallized from ethanol, giving 127 
mg. of 48-bromocoprostane-3-one, m.p. 104-108", [a], +43° (CHCI,); in- 
fra-red spectrum identical with that of an authentic sample. 

At-Cholestenone from 
one (119 mg.) was dehydrobrominated by the procedure of Koechlin et al. 
(3) to yield 112 mg. of oil which was chromatographed on alumina. The 
fraction eluted with petroleum ether afforded a small amount of copros- 
tanone. The following two substances were eluted by petroleum ether- 
benzene (19:1): (1) a small amount of A'-coprostene-3-one obtained in the 
earlier fractions and identified by infra-red spectrometry; (2) 59 mg. of 
A‘-cholestene-3-one identified by infra-red spectrometry. A‘-Cholestenone 
was recrystallized twice from methanol, m.p. 72-76°, 0.021 AD. 

Equilibration of A‘*-Cholestene-3-one with Alkalii—39 mg. of A‘-cholestene- 
3-one were refluxed for 2 hours in 0.5 N potassium hydroxide in 90 per cent 
methanol. After the usual isolation procedures, an oil was obtained which 
was chromatographed on alumina. A‘-Cholestene-3-one was eluted with 
petroleum ether-benzene (9:1). This material was sublimed at 120° in 
vacuo for 20 hours, and the sublimate, 11 mg., was again chromatographed 
on alumina. The crystalline eluates were identical with authentic material 
by infra-red spectrometry and melted, m.p. 72—77°; €24, = 15,800 (ethanol).? 
The product contained only the normal abundance of deuterium. 


DISCUSSION 


It was suggested (1) that in the transformation of cholesterol to copros- 
tanol by the microorganisms of feces, a portion of the cholesterol present 
served as a hydrogen donor for other cholesterol molecules which ultimately 
formed coprostanol. The only site in the cholesterol molecule capable of 
serving as a hydrogen acceptor is the double bond at C-5 and C-6. Thus, 
when cholesterol with deuterium at C-3 was converted to coprostanol, in 
addition to the isotope at C-3 the product would be expected to have deute- 
rium at C-5 or C-6 or both. 


2 Note on the physical constants of the products reported. The range in melting 
point of A‘-cholestene-3-one reported here is lower than the accepted value of 79-80°. 
This is probably a result of the formation of polymorphic modifications. Djerassi 
and Scholz (4) have reported a similar range for the product, and Barton and Jones 
(5) have described a polymorph which melted at 88°. The extinction coefficient 
indicates a purity of at least 95 per cent for the product obtained in the present in- 
vestigation. Similarly the melting point of coprostanone is dependent upon the 
crystal form; two modifications, m.p. 63-64° (1) and 69.5-71°, have been obtained in 
these laboratories. The infra-red spectrum of a solution of these products was 
identical. The melting point of 48-bromocoprostane-3-one is not an adequate cri- 
terion of purity. The specific rotation, which is a better characterization, is in ex- 
cellent agreement with that reported by Djerassi and Scholz (6). 
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rom the fact that At-cholestene-3-one, derived from coprostanol-d, con- 
tained a significant amount of deuterium prior to equilibration it is ap- 
parent that a portion, at least, of the biochemically introduced isotope was 
located at C-6. The complete removal of deuterium by exchange with the 
medium under alkaline conditions is evidence that deuterium in the co- 
prostanol could only have been at ©-3, C-5, and C-6 and that no other site 
in the molecule was altered during the microbiological reduction of choles- 
terol. Since somewhat more than half the isotope in coprostane-3-one-d 
was lost in the dehydrobromination involved in the formation of At-choles- 
tene-3-one, it might appear that there was some deuterium at C-5. It 
should be noted, however, that the reaction conditions certainly could per- 
mit enolization of either intermediates or end-product, so that all of the 
isotope other than at C-3 could have been located exclusively at C-6.  In- 
deed, from what is known of the mechanisms involved in enzymatic hy- 
drogen transfer (7), a single site and conformation for the isotope are highly 
probable. It should be emphasized that the demonstrated absence of deu- 
terlum from the A‘-cholestene-3-one derived from coprostane-3-one with 
stably bound deuterium is clear evidence for the location of deuterium on 
either or both of the carbon atoms originally involved in the unsaturated 
bond of the cholesterol metabolized. The actual site of the isotope on an 
individual carbon atom is, at the moment, a speculation for which definitive 
evidence must be provided. Study of these and related problems with iso- 
lated systems is in progress. 


SUMMARY 


When cholesterol-3d, 4-C'4 was transformed to coprostanol by incuba- 
tion with feces, the deuterium present in coprostano) at sites other than 
C-3 is located at C-5 and C-6 or exclusively at the 6 position. 


The authors gratefully acknowledge the assistance of Mr. Milton Heffler 
who performed the deuterium analyses. 
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THE EFFECT OF THYROXINE AND OTHER SUBSTANCES 
ON ‘THE SWELLING OF [ISOLATED 
RAT LIVER MPPOCTHON DIRTA* 


(Prom the Department of Phyatologial Chemistry, The Johna Hophina Univeraity 
Nehool of Medicine, Haltimore, Maryland) 


(Reneived for publication, Pebruary 7, 


After the demonstration by Harris (1) that mitochondria in intaet cells 
are sensitive to changes im osmolarity and the work of Claude (2) which 
showed that isolated mitochondria swell in hypotonic sucrose, a number of 
investigators (3-14) have studied the changes in water content produced 
when mitochondria are exposed in vitro to various media. In particular, 
Raaflaub (7-10) has investigated the effect of various nucleotides, divalent 
cations, anions, and metal ion complexing agents on the swelling of rat liver 
mitochondria. Some connection between water content and ATP! or oxi- 
dative phosphorylation apparently exists (cf. (11)), but the nature and sig- 
nificance of this relationship are still obscure because of the complexity of 
the interplay of factors known to affect the degree of swelling or water con- 
tent of the mitochondria. 

This paper represents a study of the changes in water content of isolated 
rat liver mitochondria suspended in a sucrose medium to which various 
other compounds were added, particularly agents capable of uncoupling 
oxidative phosphorylation. In these experiments very little or no oxidation 
or net phosphorylation was taking place, thus excluding these events as 
major factors in the changes studied. Of particular interest is the observa- 
tion that certain uncoupling agents, such as thyroxine and Ca**, cause 
rapid swelling of mitochondria, whereas other uncoupling agents such as 
DNP, pentachlorophenol, and Dicumarol inhibit the spontaneous swelling. 
wramicidin, also an uncoupling agent, has no effect on either the rate or ex- 
tent of swelling. The results suggest that thyroxine and related compounds 
may have their primary action on mitochondrial structure rather than on 
the enzymatic processes involved in coupling respiration and phosphoryla- 
tion, a view which is directly supported in the following paper (15). A pre- 
liminary report of this work has been published (16). 

* This investigation was supported in part by grants to Dr. A. L. Lehninger from 
the National Science Foundation and the Albert and Mary Lasker Foundation. 

+ Postdoctoral Fellow, Life Insurance Medical Research Fund. Present address, 
Department of Biochemistry, Oxford University, Oxford, England. 

1In this paper the following abbreviations are used: ATP, adenosine triphos- 
phate; DNP, 2,4-dinitrophenol; EDTA, ethylenediaminetetraacetate; Tris, tris(hy- 
droxymethyl)aminomethane. 
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EXPERIMENTAL 


Except when indicated, experiments were performed with mitochondria 
isolated from livers of normal, non-fasted, male Carworth Farm, Inc., white 
rats (Wistar strain) weighing 175 to 250 gm. They were prepared in a me- 
dium of 0.44 m sucrose (17); 0.001 m EDTA was present in the sucrose solu- 
tion during the homogenization and first washing, but not in the sucrose 
used for the second and third washings. ‘The final pellet was suspended in 
0.44 M sucrose so that the mitochondria from tym, of fresh liver were suns. 
pended in 1.0 ml The mitochondria were used immediately following 
their preparation; no attempt was made to utilize mitochondria after stor 
ayge of the stock suspension for more than lO minutes at 0°. 

Mitochondrial volume changes were studied room temperature 
(23-25°) by following the optical density of suspensions at 520 my with the 
Beckman spectrophotometer (model B), as described by Cleland (3). The 
basic test system (volume 4.5 ml.) contained mitochondria (about 0.04 ml. 
of the stock suspension, or sufficient to give an initial optical density of ap- 
proximately 0.5) suspended in 0.3 m sucrose and 0.02 m Tris buffer, pH 7.4. 
The first reading was taken 10 seconds after the addition of the mitochon- 
dria and subsequent readings at 5 or 10 minute intervals for the next 30 
minutes. 

Thyroxine and its analogues? were dissolved in 0.001 x KOH immediately 
prior to use. Rats were made hyperthyroid by the subcutaneous injection 
of thyroxine (4, 8, 8, and 8 mg. on 4 consecutive days) (18). Hypothyroid 
rats were provided through the generosity of Dr. 8. P. Asper, Jr., and Dr. 
J. G. Wiswell, Department of Medicine, The Johns Hopkins University 
School of Medicine. 


Results 


Preliminary Studies—After experiencing difficulty in confirming some of 
the mitochondrial swelling experiments already reported in the literature, 
it became obvious that the effect of various added substances on the rate 
and extent of swelling was highly dependent on the nutritional state of 
the animal, the initial state of the mitochondria, the incubation conditions, 
and the occurrence or absence of active respiration and phosphorylation. 
In order to make the experiments as reproducible and consistent as possible 


2 L-Thyroxine, p-thyroxine, 3,5,3’-triiodo-L-thyronine, and 3,5,3’-triiodo-p-thy- 
ronine were kindly supplied by Dr. A. E. Heming of Smith, Kline and French Labora- 
tories. 3,5-Diiodo-4-(4’-hydroxy-3’-iodophenoxy)phenylacetic acid (the acetic acid 
analogue of triiodothyronine), and 3,5-diiodo-4-(4’-hydroxy-3’ ,5’-diiodophenoxy ) - 
phenylacetic acid (the acetic acid analogue of thyroxine) were provided through the 
kindness of Dr. S. P. Asper, Jr., and Dr. J. G. Wiswell, Department of Medicine, The 
Johns Hopkins University School of Medicine, and had been generously supplied to 
them by Dr. Rosalind Pitt-Rivers, National Institute for Medical Research, Mill 
Hill, London, England. . 
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all the observations were made on mitochondria prepared as described 
above and suspended in 0.3 mM sucrose buffered at pH 7.4 with 0.02 m Tris. 
Under the test conditions defined it was confirmed (19) that the fall in 
optical density of the mitochondrial suspensions corresponded to increase 
in HO content (3, 7, 12). 

The addition of 0.001 m ED'TA to the sucrose medium during the homog- 
enization and first washing provided mitochondria which were slightly more 
stable when tested in either mannitol or sucrose media, ‘Tris buffer was 


Te) 20 30 
TIME IN MINUTES 
Fic. 1. Effect of sucrose concentration on swelling of mitochondria. The only 
other component of the system was 0.02 m Tris, pH 7.4. Curve A, 0.5 m sucrose; 
Curve B, 0.4 m sucrose; Curve C, 0.3 m sucrose; Curve D, 0.2 m sucrose; Curve E, 
0.1 m sucrose; Curve F, no sucrose. 


employed in the test medium since it had none of the adverse effects of or- 
thophosphate or histidine observed by Raaflaub (7). Mitochondria sus- 
pended in sucrose were found to be more stable at pH 6.2 than at pH 7.4, in 
agreement with findings of Raaflaub with mannitol suspensions (7). The 
rate of mitochondrial swelling was essentially similar in equimolar concen- 
trations of sucrose or mannitol (7). 

Fig. 1 shows the effect of various sucrose concentrations on the rate of 
swelling at pH 7.4. At concentrations between 0.4 m and 0.2 m, the mito- 
chondria showed a slow, progressive swelling which was more pronounced at 
the lower concentrations. Below 0.2 m sucrose rapid swelling occurred 
(Fig. 1, Curves E and F), which was complete within a few seconds. These 


0.5 
0.4 
0.3 
0.2 
(UM 


328 THYROXINE AND MITOCHONDRIA 


findings are in agreement with those of Raaflaub (7). A concentration of 
0.30 m sucrose was chosen for the standard test medium to provide a rate of 
swelling of intermediate magnitude, such that either protection against or 
enhancement of swelling could be easily detected. It is to be noted that 
no oxidizable substrate was added to the standard test medium. The 
changes in mitochondrial water content observed were probably ‘‘passive’’ 
in nature; incubation under oxygen, nitrogen, or carbon monoxide did not 
alter rates of swelling (see below). 


0.6 | T T T T 


D520 


xe) Te) 20 30 
TIME IN MINUTES 
Fic. 2. Effect of ATP, orthophosphate, and pyrophosphate on swelling of mito- 
chondria suspended in 0.3 mM sucrose and 0.02 m Tris, pH 7.4. Curve A, control; 
Curve B, 5 X 10°? m ATP; Curve C,5 X 10-3 m pyrophosphate; Curve D,5 X 107° 
M orthophosphate. 


Fig. 2 illustrates the results obtained with ATP, orthophosphate, and 
pyrophosphate. Pyrophosphate was found to be as effective as ATP at all 
levels tested, contrary to the observation of Raaflaub (7) made under differ- 
ent experimental conditions. 

Although ATP-induced reversal of swelling of rat liver mitochondria has 
been reported by Price and Davies (11), and of muscle sarcosomes by Chap- 
pell and Perry (12), all attempts to produce even a minor degree of reversal 
under the present experimental conditions failed. The reported reversals 
(11, 12) were actually very small and could not be observed if significant 
swelling had already occurred. In any case the reaction conditions em- 
ployed in the three studies differ quite significantly. 
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Effect of Various Cations on Mitochondrial Swelling—Table I lists a num- 
ber of cations which affected the rate of swelling. Mnt* was the most 
effective cation in preventing swelling, which is of interest in view of the 
apparent selective localization of manganese in mitochondria (20) and the 
restorative effect of Mn++ on oxidative phosphorylation in calcium-treated 
mitochondria (21, 22). The simultaneous addition of one compound en- 
hanecing and one preventing swelling produced an intermediate response. 
One effect or the other could be made to predominate depending upon the 


| 
KM ffect of Cations on Swelling 
The medium consisted of 0.30 mM sucrose and 0.020 mM ‘Pris, 7.4. The compounds 
tested were brought to pH 74 when necessary, Swelling was considered enhanced 
when the decrease in optical density in 30 minutes wae 25 per cent greater than in 
the control, Swelling was considered prevented when no significant change in op 
tieal density was observed in SO minutes. Swelling was considered partially pre 
vented when the degree of awelling after 30 minutes waa 25 per cent less than that in 
the control vessel, 


Swelling enhanced | Swelling prevented | Swelling partially prevented 
p-Chloromercuribenzoate, Mn8SQ,, | Al, (SO,4)3, 10-4 
10-5 mM CO(NQs;)>2, 10-4 M SnCl., 10-4 
HgCl., 10° | NiSO,, PbCl., 10-4 
AgN( ds, Ba(NQs3)o, 10 | CdSO,, 10-4 M 
CaCls, 10-4 | MgCl., 10-4 | FeSO,, 10-4 


| | ZnSO,, 10-4 M 

| NaeCrO,, 10-4 M 
MoO;, 10-4 
Uo.2(NQO3)2, 1074 
NaCl, 10-3 
KCl, 10-3 m 


relative concentrations selected. A typical antagonism, that of manganese 
and calcium, is illustrated in Fig. 3 (21). 

Sulfhydryl Groups and Swelling Reaction—-In contrast to the slow and 
relatively limited swelling produced by Cat*, the swelling produced by 
Agt, Hg++, and p-chloromercuribenzoate was rapid and much more pro- 
nounced (Table I), suggesting a different mode of action, possibly one 
involving —-SH groups in the mitochondria. In support of this finding, 
0.01 m iodoacetamide was as effective as Hgt*+. ‘These data suggest —SH 
groups may play an important réle in determining mitochondrial struc- 
ture or permeability. 

Effect of Metabolic Intermediates on Mitochondrial Swelling—Although 
Raaflaub (7) postulated that the swelling of mitochondria produced by 
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succinate might indicate a unique réle for succinic dehydrogenase in the 
maintenance of mitochondrial structure, it is apparent (Table II) that other 
metabolic intermediates such as fumarate and malate have a comparable 
effect under these experimental conditions. Although Raaflaub’s finding 
that malonate prevents the swelling caused by succinate (7) could be con- 
firmed, the significance of this observation appears limited, since malonate 
was also found to prevent swelling caused by fumarate, malate, orthophos- 
phate, or Cat*. The results with the compounds listed in Table II were 
the same whether the medium was saturated with oxygen, nitrogen, or car- 
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Fia. 3. Effect of MnSO, and CaCl, on swelling of mitochondria suspended in 0.3 m 
sucrose and 0.02 m Tris, pH 7.4. Curve A, control; Curve B, 10-* m MnSO,; Curve C, 
10-3 CaCl.; Curve D, 10-* m MnSOQ, plus 10-3 m CaCl:. 


bon monoxide. This suggests that the effect of these metabolic interme- 
diates was independent of their utilization as substrates by the respiratory 
enzyme systems of the mitochondria. 

It was noted that 5 X 10-4 m KCN prevented swelling. However, since 
anaerobic conditions (e.g., saturation of the reaction medium with nitrogen 
or carbon monoxide) did not prevent swelling, it would appear that protec- 
tion by cyanide was not necessarily related to inhibition of cytochrome 
oxidase. 

Effect of Uncoupling Agents on Mitochondrial Swelling—It has been as- 
sumed (cf. (11)) that the maintenance of a low water content by mitochon- 
dria is dependent upon the generation or availability of “high energy” phos- 
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phate esters. However, Macfarlane and Spencer (4) demonstrated that 
the addition of DNP to actively respiring and phosphorylating mitochon- 
dria in concentrations which uncoupled oxidative phosphorylation did not 


TABLE II 
Effect of Metabolic Intermediates on Swelling 
The medium, conditions, and criteria are as in Table I. 
| 


Swelling enhanced Swelling prevented 


| 

Succinate, 10-4 M | Citrate, 10-4 M 
Fumarate, 1074 | Pyruvate, 10 4M 
Malate, 1074 M | Oxalucetate, 
CGilutamate, | Malonate, 10-5 
Acetate, M | 

ow Wetoglutarate, 5 
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Fic. 4. Effect of 2,4-dinitrophenol and pentachlorophenol on swelling of mito- 
chondria suspended in 0.3 M sucrose and 0.02 mM Tris, pH 7.4. Curve A, control; Curve 
B, 10-4 m 2,4-dinitrophenol; Curve C, 10-4 m pentachlorophenol; Curve D, 5 X 10-3 mM 
pentachlorophenol. 


affect the ability of rat liver mitochondria to maintain a low water content. 
In a preliminary communication Price and Davies (11), on the other hand, 
reported an actual swelling of rat liver mitochondria induced by high con- 
centrations (5 & 10-3 mM) of DNP and an inhibition of ‘‘extrusion”’ of water 
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from partially swollen mitochondria in the presence of ATP. In both stud- 
ies oxidizable substrates were present, and the findings were thus compli- 
cated by the probable occurrence of active respiration or phosphorylation- 
linked transport. 

As shown in Fig. 4, under the conditions of the present experiments, in 
which no active oxidation or phosphorylation was taking place, DNP not 
only caused no swelling, but also was actually a potent protective agent 
against swelling at concentrations which are known to uncouple oxidative 
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Fic. 5. Effect of various concentrations of thyroxine on swelling of mitochondria 
suspended in 0.3 mM sucrose and 0.02 m Tris, pH 7.4. Curve A, control; Curve B, 10~® 
M L-thyroxine; Curve C, 5 X 10-§ M L-thyroxine; Curve D, 10-5 m L-thyroxine. 


phosphorylation completely. Even at higher concentrations of DNP 
(10-3 m), a protection was observed. Pentachlorophenol protected at 10-5 
and 10-4 m, but produced a rapid swelling at 5 X 107? mM and above (23). 
Dicumarol (10-* mM) and antimycin A (1 mg. per ml.) prevented swelling. 
However, not all uncoupling agents prevented swelling, since gramicidin, 
tested at concentrations known to uncouple phosphorylation, was found to 
have absolutely no effect on the normal rate of swelling. Higher concen- 
trations of gramicidin produced some swelling. 

Effect of Thyroid-Active Compounds—Thyroxine and a number of its ana- 
Jogues produced a prompt and extensive swelling of mitochondria when 
added to the standard test medium in low concentrations. As shown in 
Fig. 5, the effect of thyroxine was readily detectable at a concentration of 


333 


0.6 q | 
0.5 - 
04 
D520 
03F D 
E 
0.2- B- 
iO 20 40 


TIME IN: MINUTES 


big. 6. Effect of thyroid active compounds on swelling of mitochondria suspended 
‘Tra, pli 74. Curve A, control, Curve 10°78 
L thyroxine; Curve OC, 10 triodo. thyronne, Curve D, 3 acetic 
acid analogue of thyroxine; Curve acetic acid analogue of tritodo- 
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thyronine, 


Ill 


Antagonists of Thyroxine-Induced Swelling 


The medium and conditions are as in Table I. Thyroxine concentration was 


10-° m throughout. 


Swelling prevented 


Swelling partially prevented 


No prevention 


Dinitrophenol, m 

Pentachlorophenol, 5 X 

Dicumarol, 10-4 m 

EDTA, 10~* m 

MnCl, 10-3 

CO(NOs):2, 107? 

MgCl., 10°27 m 


Dinitrophenol, 10-5 

Pentachlorophenol, 5 X 
10-5 

Dicumarol, 

EDTA, 

MnCl., 10-4 m 

CO(NQOs3)2, 1074 

MgCl., 10-3 

ATP, 3 X 

KCN, 10-4 

Citrate, 10-3? m 

Pyruvate, 10-3 

Oxalacetate, 


Dinitrophenol, 10-* m 

Pentachlorophenol, 10-3 m 
and 10-* m 

Dicumarol, 10-* 

EDTA, 10-* 

MnCl,, 10-5 

MgCl:, 5 X 10-5 
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10-6 m, which is about one-tenth the minimal concentration reported to be 
necessary to uncouple oxidative phosphorylation significantly (cf. (15)). 
Other thyroid-active compounds including triiodothyronine and the ‘‘acetic 
acid analogues” of thyroxine and triiodothyronine also caused swelling 
(Fig. 6). In other experiments it was found that the p isomers of thyroxine 
and triiodothyronine were as effective as the L isomers. 3,5-Diiodoty- 
rosine and 3 ,5-dinitrotyrosine did not affect swelling. 

Compounds antagonizing the thyroxine-induced swelling are listed in 
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Fig. 7. Effect of MgCl, on thyroxine-induced swelling of mitochondria suspended 
in 0.3 Mm sucrose and 0.02 m Tris, pH 7.4. Curve A, control; Curve B, 3 X 10-5 
L-thyroxine; Curve C, 3 K mM L-thyroxine plus 10-5 MgCl.; Curve D, 3 & 107° 
M L-thyroxine plus 10-4 m MgCl.; Curve E, 3 10-5 mM L-thyroxine plus 10-3 Mm MgCl.; 
Curve F, 3 mM L-thyroxine plus 10°? mM MgClo. 


Table III. Those substances which were effective protectors against spon- 
taneous swelling in the standard system also antagonized the thyroxine- 
produced swelling. Findings summarized in Fig. 7 demonstrate the an- 
tagonism between Mg** and thyroxine. This relationship is of particular 
interest in view of the antagonism between thyroxine and magnesium on 
oxidative phosphorylation (cf. (15)), and of the reported effect of the thyroid 
hormone on Mg?** balance (24). 

Stability of Mitochondria from Hyper- and Hypothyroid Animals—In con- 

3 There was some variation in the relative magnitude of effects observed with 


different lots of triiodothyronine and thyroxine. On a few occasions triiodotbyrox- 
ine produced as marked swelling as did thyroxine. 
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Mia, of thyroid state of animal on awelling of isolated rat liver mito 
chondria suapended in 0.226 mM sucrose and 0.02 m ‘Tria, pil 74, 
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Fig. 9. Effect of sucrose concentration on swelling of liver mitochondria from 
hypothyroid rat. The only other component of the system was 0.02 m Tris, pH 7.4. 
Curve A, 0.3 m sucrose; Curve B, 0.2 m sucrose; Curve C, 0.15 m sucrose; Curve D, 
0.1 m sucrose; Curve E, 0.05 m sucrose. 
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firmation of Aebi and Abelin (25), mitochondria from livers of rats treated 
with large doses of L-thyroxine were found to swell more readily than those 
from normal livers when suspended in 0.3 M sucrose (Fig. 8). This swelling 
could be counteracted by the agents which had been found to prevent swell- 
ing of mitochondria from normal rats, e.g. ATP, DNP, EDTA, and Mg++. 
Mitochondria isolated from animals given equivalent amounts of D-thyrox- 
ine showed less pronounced tendency to swell than those from L-thyroxine- 
treated rats. 

On the other hand, mitochondria isolated from the livers of hypothyroid 
rats were much more stable than those from normal livers, in that they 
showed little or no swelling at sucrose concentrations at which normal mito- 
chondria would swell quite rapidly. For instance, they showed no swelling 
in 0.15 M sucrose solution, a concentration which causes normal mitochon- 
dria to swell very rapidly (compare the normal response to tonicity (Fig. 1) 
to that shown by mitochondria from hypothyroid rat liver (Fig. 9)). The 
curves in Fig. 8 show a comparison of rates of swelling at a fixed hypotonic 
concentration of sucrose (0.225 mM) with mitochondria from livers of normal, 
hyper-, and hypothyroid rats. Swelling agents such as thyroxime, Cat!, 
Ag’, and succinate catised less pronounced swelling of mitochondria trom 
hypothyroid rat liver than those from rate, 


In the experimental results it should be stressed again that in 
the test system used in this work no oxidation or phosphorylation of any 
magnitude was occurring in the mitochondria, The movements of water 
incor out of the mitochondria observed are thus probably reflection of 
“passive” diffusion (7.¢., not coupled to metabolism). Some published 
studies on mitochondrial swelling (7.¢. (4, 11, 24)) have involved more com- 
plex systems in which oxidation and phosphorylation were taking place. 
Swelling changes noted in these studies may thus have a more complex na- 
ture because “active”? or metabolically-coupled transport may be super- 
imposed on ‘‘passive’”’ changes in water content. 

The preliminary studies on the effect of divalent metal ions, nucleotides, 
phosphates, and tricarboxylic cycle intermediates are in general agreement 
with the results of Raaflaub (7-10). The few discrepancies evident may 
be a reflection of differences in the initial state of the mitochondria and the 
test conditions in the two studies. In any case the findings described here 
are generally consistent with Raaflaub’s hypothesis that in certain mito- 
chondrial activities, such as the tricarboxylic acid cycle reactions, the ap- 
parent requirement for ATP in the suspending medium which has been 
universally noted may be a reflection of the ability of ATP to form a com- 
plex with certain noxious metal ions such as Ca** rather than to act as a 
phosphorylating agent per se. Furthermore the results suggest strongly 
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that the action of Mg** and Ca** represents a possibly competitive an- 
tagonism in the maintenance of mitochondrial structure. The effect of 
reagents which react with sulfhydryl groups suggests still another bio- 
chemical mechanism involved in maintenance of mitochondrial morphology 
which apparently has not been described before. 

However, of greatest interest is the action of various agents known to 
uncouple oxidative phosphorylation. Although it has often been suspected 
that the many different uncoupling agents known (26) may have different 
modes of action, little direct evidence on this point is available. Results 
of this study demonstrate that a number of typical uncoupling agents may 
be grouped into three categories on the basis of their effects on mitochon- 
drial swelling: those which inhibit swelling (ONP, pentachlorophenol, and 
Dicumarol), those which promote swelling (thyroxine and Cat+), and those 
which have no effect (such as gramicidin). ‘That these findings indicate a 
true difference in mechanism of uncoupling is demonstrated directly in the 
following paper (15). 

The swelling induced by thyroxine and its analogues is of considerable 
interest, since itis produced by concentrations stubstantially below those 
necessary Lo uncouple phosphorylation mitochondria, ‘This sug- 
vente that dneouplig eflects ay be secondary some primary change ia 
stracture by thyroxine Although there is ex 
permmental evidenoes which proves Chat the are 
the primary physiological targete of the thyroid hormone, Chere te ne ques 
that changes in mitochondrial morphology occur in the hyper and 
hypothyroid states (ef, (25)). Whatever the degree of specificity of these 
changes itis evident in view of these findings and those deseribed im the 
following paper (14) that uneoupling of oxidative phosphorylation is not 
the primary or only major consequence of action of the thyroid hormone on 
mitochondria. Changes in water content immediately suggest that a pri- 
mary action of the hormones may be on active or passive transport mech- 
anisms associated with mitochondria. For instance, Aebi and Abelin (25) 
have noted that slices of hyperthyroid rat liver lose K+ to the suspending 
medium much more readily than normal slices. Although these authors 
regarded this effect as a secondary consequence of impaired phosphoryla- 
tion, our findings suggest that it could be a primary consequence and that 
uncoupling of phosphorylation, if it occurs at all zn vireo in the hyperthyroid 
tissues, may be a secondary manifestation. 

It is very difficult to suggest a mechanism which explains the changes in 
mitochondrial H2O content here described. It is conceivable that such 
changes could have occurred through an alteration in the permeability to 
HO or through structural changes in submitochondrial components such 
as the inner membrane and cristae. Whatever the mechanism, the avail- 
able data suggest the possibility that the maintenance of mitochondrial 
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structure may in some way be conditioned by critically located Mg** ions 
and by sites in the structure which are capable of binding substances such 
as DNP. It is also conceivable that the effects described involve a portion 
of the active transport mechanisms which is not actively connected to me- 
tabolism under the conditions described. Although isolated mitochondria 
appear to be isotonic with sucrose solutions which are hypertonic to the 
red cell (18), this cannot be construed as evidence that mitochondria are 
hypertonic either to the intracellular or the extracellular fluid. There is as 
yet no convincing evidence that H.O per se is actively transported by mito- 
chondria. 


SUMMARY 


The effect of various factors (e.g. osmolarity, ionic environment, nucleo- 
tides, and metabolic intermediates) on the water content of isolated rat 
liver mitochondria has been studied under experimental conditions in which 
little or no oxidation or net phosphorylation was occurring. Certain un- 
coupling agents such as thyroxine and Cat+ caused rapid swelling of the 
mitochondria under these conditions. On the other hand, other uncoup- 
ling agents such as 2,4-dinitrophenol, Dicumarol, and pentachlorophenol 
inhibited the slight spontaneous swelling which usually occurred. Mito- 
chondria isolated from hypothyroid rats showed less swelling, and those 
from hyperthyroid rats more, than the mitochondria trom normal animals, 

‘The protection against swelling provided by uncoupling agents such as 
A-dinitrophenol demonstrates that mitochondria are capable of main 
taining a low water content under conditions i whieh oxidative ploaphor 
Viation does not proceed ‘The effeet of thyroxine on the morphology of 
mitochondria offers a probable explanation for the effeet of this compound 
and related substances on oxidative phosphorylation, 


This investigation was conducted in the laboratory of Dr. A. L. Lehnin- 
ger, to whom the author is indebted for constant encouragement and advice. 

The expert technical assistance of Miss Dorothy Jacobs is gratefully ac- 
knowledged. 
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The finding that oxidative phosphorylation is uncoupled by nitro- and 
halophenols (1-3) has led a number of investigators (4-10) to examine the 
effect of a physiological halophenol, thyroxine, on this process. Uncoup- 
ling of phosphorylation from respiration has been observed following addi- 
tion of thyroxine and related compounds to suspensions of mitochondria 
(4-8) as well as in mitochondria isolated from the livers of animals treated 
with large quantities of thyroxine (4, 5). From such experiments it has 
been suggested that this uncoupling action, together with compensatory 
changes in respiration, provides an explanation for the physiological effect 
of the thyroid hormone (4). 

In this communication evidence will be presented indicating that the ef- 
feet of thyroxine and related compounds on the phosphorylation which oc- 
curs in intact mitochondria is probably indirect, since these compounds do 
hot uncouple oxidative phosphorylation as it occurs in an isolated enzyme 
complex separated from extracts of mitochondria, A account 
of this work has been published (9), 


TAL, 


were prepared in O25 from the livers of morniuad, 
male Carworth Parmn, white rate (Wistar etram) ae de- 
serihed by Lehninger, Hassan, and Sudduth (11). when indicated, 
the final suspension of mitochondria was made im such a way that the mito- 
chondria derived from to gm. of fresh liver were suspended mlb. 
of 0.075 mM sucrose. ‘This suspension was then kept for LO minutes at 0° 
prior to addition to the reaction vessel, 

In experiments with intact mitochondria, the phosphorylation test sys- 
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trition Foundation, Inc., the United States Public Health Service, and the National 
Science Foundation. 

tPostdoctoral Fellow, Life Insurance Medical Research Fund. Present ad- 
dress, Department of Biochemistry, Oxford University, Oxford, England. 

t Postdoctoral Fellow, National Institutes of Health. Present address, Depart- 
ment of Biochemistry, Western Reserve University School of Medicine, Cleveland, 
Ohio. 


341 


342 THYROXINE AND OXIDATIVE PHOSPHORYLATION 


tem (volume 2.0 ml.) consisted of 0.01 m pLt-BOH,!' 1.5 K 10-5 M cytochrome 
c, 10°? m DPN, 0.01 m KF, 5 X 10-* m ADP, 0.0125 m phosphate buffer, 
pH 7.4. MgCle was added as indicated in each experiment. ADP was 
used as phosphate acceptor. Due to this choice of phosphate acceptor, the 
hypotonic pretreatment of the mitochondria, and the low Mgt concen- 
tration control P:O ratios were not optimal. Experiments were carried 
out under air at 30° in a Warburg bath following a 7 minute equilibration 
period. Orthophosphate was measured by a modification of the method 
of Gomori (12). 

The isolation of the phosphorylating enzyme complex from digitonin 
extracts of mitochondria and the determinations of phosphate and oxygen 
uptakes in experiments with this complex were carried out as previously de- 
scribed (13). 

Rats were made hyperthyroid by the subcutaneous injection of thyroxine 
(4, 8, 8, and 8 mg. on 4 consecutive days) (5). Hypothyroid rats were pro- 
vided through the generosity of Dr. 8. P. Asper, Jr., and Dr. J. G. Wiswell, 
Department of Medicine, The Johns Hopkins University School of Medi- 
cine. 

Thyroxine and its analogues? were dissolved in 0.001 n KOH immediately 
prior to use. 


Results 


Hypotonic Pretreatment and Action of Thyroxine—-Most workers have en- 
countered some difficulty in demonstrating an uncoupling effect of thyrox- 
ine in rat liver mitochondria. Martius and Hess (4) were able to obtain 
reproducible uncoupling with rat liver mitochondria only when they were 
preincubated with the hormone, liven with such preincubation, Hoch and 
Lipmann (5) failed to obtain consistent results with rat liver mitochondria, 
However, they did observe uneoupling in mitochondria isolated trom han 
sler liver which were considered to be more permeable to the thyroxine. 
The finding that thyroxine catses swelling of tat liver mitochondria (14) 


thie paper the following abbreviations are need) ADP, adenosine diphos 
phate; OND, dinitrophenel, DPN, diphoaphopyridine nucleotide, ethyl 
enediaminetetrancetate, BOT, ATPase, adenosinetriphospha 
fase, 

?-thyroxine, p-thyroxine, and 
ronine were kindly supplied by Dr. A. . Heming of Smith, Kline and French Labo- 
ratories. 3,5-Diiodo-4-(4’-hydroxy-3’-iodophenoxy)phenylacetic acid (the acetic 
acid analogue of triiodothyronine) and] 3,5-diiodo-4-(4’-hydroxy-3’,5’-diiodophen- 
oxy)phenylacetie acid (the acetic acid analogue of thyroxine) were provided through 
the generosity of Dr. 8. P. Asper, Jr., and Dr. J. G. Wiswell, Department of Medi- 
cine, The Johns Hopkins University School of Medicine, and had been supplied to 
them by Dr. Rosalind Pitt-Rivers, National Institute for Medical Research, Mill 


Hill, London, England. 
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suggested that uncoupling of phosphorylation by thyroxine might be secon- 
dary to an effect on mitochondrial structure or permeability. Experi- 
mental conditions were therefore sought which would be conducive to the 
alteration of mitochondrial structure in such a way that the uncoupling 
action of thyroxine might be enhanced. It was found that a brief exposure 
of rat liver mitochondria to a hypotonic medium (0.075 m sucrose) prior to 
the phosphorylation test renders the phosphorylation susceptible to un- 
coupling by thyroxine. Representative results are shown in Table I. 
Effect of Mg**—-As first noted by Bain (10) and subsequently by others 
(5, 15), the effectiveness of thyroxine as an uncoupling agent is dependent 


TaBLeE I 
Effect of Hypotonic Sucrose on Uncoupling by Thyroxine 


Rat liver mitochondria prepared in 0.25 m sucrose were suspended for 10 minutes 
prior to incubation in varying sucrose concentrations at 0°. Aliquots of such sus- 
pensions were then added to the phosphorylation test medium (final volume 2.0 ml.), 
consisting of 0.01 m pL-BOH, 1.5 X 10-5 m cytochrome c, 10-? m DPN, 0.01 m KF, 
5 X 10°? m ADP, 5 X 10-3 m MgCl, 0.0125 m phosphate buffer, pH 7.4, and L-thy- 
roxine as indicated. Incubated 8 minutes at 30°. 


0.25 mM sucrose 0.075 M sucrose 
Experiment No. L-Thyroxine 
Os uptake P:0 uptake P:O 
M microatoms microatoms 

l None 2.9 1.4 3.0 1.0 

7.5 K 10-5 2.0 1.0 2.6 0.2 

2 None 2.2 1.2 3.0 1.2 

7.5 2.3 1.1 2.9 O.4 

None 2.6 1.0 24 0.9 


on the concentration of Mgt? in the teat medium, The data in Vable 
‘early indieate that the combination of lypotonie pretreatment and low 
Me! ! concentration permite completely reproducible demoneatration of the 
of oxidative phosphorylation in rat liver mitochondria by thy 
roxine, When Mgt? is added in increasing amounts, the im uneouw 
pling action of thyroxine is gradually overcome (Table T]). Likewise, 
Mgt* overcomes the suppression of phosphorylation observed in’ mito- 
chondria obtained from hyperthyroid rats (Table II1). The uneoupling 
effect of thyroxine is apparently not explicable on the basis of the removal 
of Mg*+ from the medium by the formation of an undissociated Mg-thy- 
roxine complex. This concept is not compatible with the magnitude of 
the stability constant of the Mg-thyroxine complex (6) and the concen- 
trations of Mgt** and thyroxine present under the defined experimental 
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conditions. It is conceivable that interaction between thyroxine and 
Mgt+ may occur at critical sites within the mitochondrial structure. Other 
experiments have revealed that Mg** is not specific for reversing the un- 


TaBLeE II 
Reversal of Thyroxine Effect by Mg*t 
Rat liver mitochondria prepared in 0.25 M sucrose were suspended for 10 minutes 
prior to incubation in 0.075 m sucrose at 0°. The medium (final volume 2.0 ml.) 
consisted of 0.01 m pit-BOH, 1.5 X 10-* m cytochrome c, 0.001 Mm DPN, 0.01 m KF, 
0.005 m ADP, 0.0125 m phosphate buffer, pH 7.4, and L-thyroxine and magnesium as 
indicated below. Incubated 8 minutes at 30°. 


No thyroxine 7.5 1075 m L-thyroxine 
Experiment No. MgCl: 
Oz uptake P:O O2 uptake P:0 
M microatoms microatoms 

1 None 2.8 0.85 2.6 0.1 
0.0025 2.8 1.1 2.2 0.35 
0.005 3.2 L.A 2.0 1.05 

2 0.0025 3.1 1.4 3.9 0.0 

0.005 3.2 1.4 2.3 0.7 

0.01 3.9 1.5 3.0 1.3 


TaBLeE III 

Effect of Mg** on Phosphorylation in Mitochondria from Thyroxine-Treated Rats 
The medium and conditions are as in Table II, and MgCl, is present as indicated. 
Thyroxine-treated animals received 4, 8, 8, and 8 mg. of thyroxine subcutaneously 
on 4 consecutive days and were sacrificed on the 5th day. 


9.0025 MgCle (0,005 MgC ls 0.01 MgCl, 
| Oy uptake Oy uptake Oy uptake P:O 
| micraalams micraalams micraaloms 
Control | 9.6 L.A 4.2 17 
| | 8.1 80 | 
| tt 16 | 06 42 | 
3.4 2.0 18 


coupling by thyroxine. ‘The data in Table LV demonstrate that Cot! and, 
to a lesser extent, EDTA also have the ability to reverse the uncoupling 
action of thyroxine. 

The effect of Mgt+ on uneoupling of phosphorylation produced by other 
agents was also examined. In a number of experiments Mgt* failed to 
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diminish the uncoupling action of DNP, while partial protection was pro- 
vided against the uncoupling effects of Ca** (Table V). 
Mg?t* is also capable of reversing the uncoupling effects of triiodothy- 


TaBLeE IV 
Effect of Co+* and EDTA on Uncoupling by Thyroxine 


The medium and conditions are asin Table II. There is no MgClo. Thyroxine, 
Co(NO3)2, and EDTA are as indicated. 


No thyroxine 7.5 1075 thyroxine 
| O2 uptake | P:O | Oz uptake | P:O 
| microatoms | | microatom | 
| 0.0025 m Co(NO;)2 | 3.5 | 1.2 2.1 1.3 
0.005 EDTA | 0.6 
| 0.01 m EDTA | 0.7 


TABLE V 
Effect of Mg** on Uncoupling Produced by DNP and Cat** 
The medium and conditions are as in Table II, and Mg** is present as indicated. 


Oz uptake | P:O O2 uptake P:0 
microaloms microatoms 
Control 2.5 2.9 1.75 
DNP 2.4 1.4 3.0 1.3 
10 DNP 2.6 os 2.3 
DNP | 2.3 2.0 | 
Control | 2.9 2.4 


| 


ronine and the avetie acid analogues (16) CPable VI). ‘This is of interest 
in view of the fact that these compounds are said not to form mesoluble com- 
plexes with Mgt? (8). 

Action of Thyroxine on Phosphorylating Enzyme Complex— experiments 
described in the preceding paper (14) demonstrated that DNP and thyrox- 
ine have quite different effects on the swelling of mitochondria, suggesting 
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that they may uncouple phosphorylation by different mechanisms. An 
opportunity to test this question in a more direct manner has been afforded 
by the separation of a multienzyme complex catalyzing electron transport 
TaBLeE VI 
Uncoupling by Thyroxine Analogues 
The medium and conditions are as in Table II, and Mg? is present as indicated. 
No MgCl: 5 X 1073 MgCl: 
Compound tested 
P:0 P:0 
micro- micro- 
atoms atoms 
2.3 0.0 2.1 0.9 | 
3X 10-5 “ 3.0 0.7 2.9 1.3 
3 X 10-5 “ p-triiodothyvronine..................... 2.2 0.6 2.3 1.2 
3 X 10-5 “ acetic acid analogue of thyroxine........} 2.4 0.1 2.8 1.1 
“ triiodothyronine.| 2.7 0.1 2.7 1.1 
1 X 10-3 “ 3,5-diiodotyrosine...................... 1.1 
1 X 10°% “ 3,5-dinitrotyrosine..................... 2.6 1.1 ( 
t 
TaBLeE VII 
Effect of Thyrorine and Its Analogues on Phosphorylating Enzyme Complex 
The medium consisted of 0.01 m phosphate, pH 6.5, labeled with 1.5 X 10° ¢.p.m. : 
P22, 0.01 m p-BOH, 0.0024 m ADP, and enzyme (150 y of N). The total volume c 
was 3.0 ml. and the incubation period 20 minutes at 23°. 5 
Experiment No. Addition uptake P:O 
microatom t 
None 0.42 2.09 
5 DNP | 0.42 0.00 y 
5 p-thyroxine 0.31 2.10 
triiodothyronine 0.40 1.50 li 
2 None 0.76 
hw 0.6% 2.40 
10-8 acid analogue of thyrox 44 2 
ine 
acetic acid analogue of triiodo- 0.40 2.49 
thyronine ti 
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and coupled phosphorylation from digitonin extracts of mitochondria (13). 
This enzyme complex is apparently a mitochondrial subunit and does not 
possess the higher levels of morphological organization of the intact mito- 
chondrion. 

Data summarized in Table VII demonstrate that the phosphorylation 
coupled to the oxidation of 8-hydroxybutyrate by oxygen as it occurs in the 
isolated enzyme complex is completely uncoupled by concentrations of DNP 
known to be effective with intact mitochondria, whereas no significant un- 
coupling is brought about by thyroxine and its analogues. Tests with 
thyroxine were made under a variety of conditions of pH, preincubation, 
and tonicity, but under no circumstances tested was uncoupling observed. 
Similar experiments carried cut on the phosphorylation coupled to the oxi- 
dation of B-hydroxybutyrate by cytochrome c (13) and of cytochrome c by 
oxygen (13) likewise revealed no uncoupling by thyroxine in the isolated 
enzyme complex, whereas DNP showed its usual uncoupling activity. 


DISCUSSION 


The data presented in this paper suggest that the primary effect of thy- 
roxine and related compounds is not on the enzymes involved in the process 
of coupled oxidative phosphorylation. Since these compounds cause swell- 
ing of mitochondria at concentrations considerably below those necessary 
to uncouple phosphorylation, it appears probable that the uncoupling ob- 
served is an indirect effect mediated by some primary structural change in- 
duced in the mitochondria. It is of interest that Ca++ and thyroxine pro- 
duce both swelling and uncoupling in intact mitochondria whereas neither 
substance affects the isolated phosphorylating enzyme system. Those 
agents which uncouple phosphorylation in the enzyme complex (7.e. DNP, 
gramicidin, Dicumarol, and pentachlorophenol) stimulate the ATPase ac- 
tivity of this complex. On the other hand, thyroxine and Cat+, which un- 
couple phosphorylation only in the intact mitochondria (presumably by 
virtue of their effect on mitochondrial structure), do not affect the ATPase 
activity of this isolated complex (18). 

The data do not exclude the possibility that thyroxine and the other re- 
lated compounds are enzymatically converted in intact mitochondria to an 
aehive uncoupling agent or that they serve as coenzymes for a hypothetical 
uncoupling enzyme, Thin conceivable that such enzymes are present in 
but tay have been loat during the preparation of the phon 
phorylating complex, thas explamung the maetivaity of the thyroxine 
and related compounds, At present there is no evidence in favor of these 
possibilities, 

It has been pointed out by Klemperer that uncoupling of phosphoryla- 
tion in isolated mitochondria im vitro requires concentrations of thyroxine 
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approximately 4 < 10! times those known to exist in the tissues (7). Fur- 
thermore, the depression of the P:O ratio in mitochondria isolated from 
livers of rats or hamsters treated with thyroxine requires the administration 
of thyroxine in excess of the minimal quantity required to produce hyper- 
thyroidism (5). Such observations raise the possibility that the uncoup- 
ling of oxidative phosphorylation may be purely pharmacological rather 
than a physiological effect of the thyroid hormones. 

The finding that thyroxine causes swelling of mitochondria at concentra- 
tions considerably lower than those required for uncoupling, together with 
the observations on the stability of mitochondria isolated from hyper- and 
hypothyroid rats (cf. (14)) suggests another dimension in which mitochon- 
drial activity could conceivably be controlled by thyroxine. Such obser- 
vations suggest that the permeability of the mitochondrial membrane or 
some component of the mechanisms involved in accumulation, secretion, or 
distribution of water or electrolytes may be the primary target of the thy- 
roid hormone. In this connection it has been reported that the adminis- 
tration of thyroxine to myxedematous patients induces a diuresis of Mgt+ 


(17). 
SUMMARY 


Oxidative phosphorylation occurring in rat liver mitochondria which have 
been suspended in hypotonic sucrose can be consistently uncoupled by thy- 
roxine without preincubation in the presence of the hormone. Sufficient 
Mg?** in the medium completely overcomes this effect of thyroxine, pre- 
sumably by antagonizing the effect of thyroxine on mitochondrial structure. 

Thyroxine does not, however, uncouple the phosphorylation observed in 
an isolated enzyme complex which is presumably responsible for electron 
transport and the phosphorylation that occurs in intact mitochondria. The 
uncoupling of oxidative phosphorylation produced by thyroxine in intact 
mitochondria thus appears to be an indirect effect and not the result of a 
direct interaction of the hormone with the enzymes of oxidative phospho- 
rylation. 


This investigation was conducted in the laboratory of Dr. A. L. Lehnin- 
ger, to whom we are indebted for constant encouragement and advice. The 
expert technical assistance of Miss Dorothy Jacobs and Miss Nancy Buse- 
man is gratefully acknowledged. 
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A BIOCHEMICAL EFFECT OF GONADOTROPIN (ICSH): 
RENAL B-GLUCURONIDASE STIMULATION* 


By WILLIAM H. FISHMAN, GEORGE S. BENJAMIN, anp SIDNEY GREEN 


(From the Cancer Research and Cancer Control Unit, Departments of Surgery and of 
Biochemistry and Nutrition, Tufts University School of Medicine, 
Boston, Massachusetts) 


(Received for publication, February 10, 1956) 


Recently, it was reported that androgens caused a characteristic eleva- 
tion in the kidney 6-glucuronidase activity of mice of inbred strains (1). 
A systematic study of the phenomenon resulted in the definition of ex- 
perimental conditions which provided a uniform response to a standard 
amount of androgen. Briefly, mice of the A/Jax strain maintained on a 
high protein synthetic diet received the steroid (7 mg.) in peanut oil divided 
over a 14 day period. Urinary 8-glucuronidase was measured at intervals 
during this time and kidney §-glucuronidase levels were determined on the 
15th day. From a study of some 80 steroids, it appeared that the group- 
ings at position 17 of the molecule were of great importance in determining 
the response observed. ‘The response could be induced in intact male and 
female animals of a variety of strains (2) and the urinary enzyme excretion 
paralleled the kidney levels (3). 

A number of mouse strains exhibit a sex difference in renal 8-glucuroni- 
dase, the males being richer than the females (1, 2, 4). From the more 
recent work mentioned above, it seemed reasonable to suppose that the 
greater activity of B-glucuronidase in the kidneys of the male was due to 
the presence of more androgen. The testis is undoubtedly the major source 
of this hormone, although the adrenal glands are known to be androgen- 
producers. 

The impetus to study pituitary hormones was provided by a pilot ex- 
periment in which the administration of an aqueous extract of whole pitui- 
tary gland increased renal §-glucuronidase activity in male A/Jax mice. 
From theoretical considerations, one can visualize the possible participa- 
tion of a number of the anterior pituitary hormones. Thus, somatotropins, 
such as growth and thyrotropic hormones, may conceivably control the 
ability of renal tissue to increase its B-glucuronidase activity. Also, since 
the testis and adrenal glands are sources of androgen, an important rdéle 
may be played by gonadotropin, corticotropin, or both. 

To clarify these questions relating to endocrine control of endogenous 


* Aided by a grant-in-aid (C-915) from the National Cancer Institute, National 
Institutes of Health, Bethesda, Maryland, 
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androgen and the capacity of the tissue to react in the 8-glucuronidase 
phenomenon, a systematic study of individual pituitary and other tropic 
hormone preparations was undertaken. The most striking increases in 
renal 6-glucuronidase were seen with gonadotropin, rich in interstitial cell- 
stimulating hormone (ICSH) activity. Experiments which led to this 
observation and attempts to estimate this new property of gonadotropin 
quantitatively are the subject matter of this communication. 


Methods 


Animals—Unless otherwise indicated, white A/Jax mice of the male sex 
weighing 20 to 25 gm. were the experimental subjects. 

Diet—Unless otherwise mentioned, the animals were maintained on the 
synthetic test diet described earlier (1). 

Materials—Two gonadotropin preparations were employed for most of 
these experiments. One was pregnant mare serum gonadotropin (Upjohn), 
batch No. AXV, DW672BA, and the other was highly purified and care- 
fully standardized equine pituitary-luteinizing hormone, ICSH (Armour), 
lot No. R377242H. 

The desired amount of powder was dissolved in distilled water and kept 
in clean rubber-stoppered flasks. Fresh solutions were prepared for each 
experiment and were stored in the cold (5°). 

Injection Schedule—Unless otherwise stated, the gonadotropin solution 
was administered subcutaneously every 24 hours in a volume of 0.1 ml. by 
hypodermic needle No. 20. Seven injections were given and the animals 
were killed on the 8th day. 

Urine Collections—These were made daily in selected experiments as 
previously described (2, 3). 

B-Glucuronidase Assay—The urine and kidney £-glucuronidase was de- 
termined (2, 3) and the results were expressed as Fishman units (5) per 
100 ml. in the case of urine and per gm. in the case of kidney tissue (ef. 


(6)). 
EXPERIMENTAL 


Studies on Identification of Active Pituitary Principle—<After the discovery 
that an aqueous suspension of whole hog pituitary powder produced an 
increase in renal 6-glucuronidase, a series of individual pituitary prepara- 
tions was studied (Table I). Activity was found in thyrotropin and in 
gonadotropin. The activity of the thyrotropin was attributed to gonado- 
tropin contamination for the following reasons: (1) thyroid powder and 
pure thyroxine were inactive (Experiments 4 and 5); (2) thyrotropin was 
inactive when administered to castrated males (Experiment 3); (3) other 
work in this laboratory demonstrated that thiouracil administration failed 
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to prevent the effect of testosterone on renal 8-glucuronidase; and (4) the 
usual thyrotropin preparations employed were known to be contaminated 
with gonadotropin. 


TABLE 


Examination of Various Hormone Preparations for Their 
Ability to Increase Renal B-Glucuronidase 


Experi- Renal 
ment Hormone preparation* Subjectt 

mg. 

Untreated controls M. intact 0 3,000 
1 | Pig anterior pituitary extract soles 20 10,000 | + 
2 | Thyrotropin 5.4 | 9,500; + 
3 ” ‘* castrated 5.1 1,440 0 
4 | Thyroxine ** intact 30t 3,860 0 
5 | Thyroid (U.S. P.) extract - ” 10 2,750 0 
6 | Human chorionic gonadotropin vay 10 10,000 | + 
7 castrated | 10 1,550 0 
8 | Pregnant mare serum gonadotropin ** intact 13.8 | 10,500 | + 
9 eastrated | 13.8 | 1,350 0 
10 ™ F. intact 13.8 | 1,350 0 
11 ni castrated | 13.8 1,350 0 
12 | Equine pituitary-luteinizing hormone | M. intact 1.7 8,800; + 
13 | Swine pituitary follicle-stimulating | ‘“ - 10 6,000 | + 

hormone§$ 

14 | Prolactin es " 10 2,500 0 
15 | Growth hormone aa " 0.4 | 2,740 0 
16 | Corticotropin 1.0; 3,000; 0O 


In each experiment, two mice received the dose divided over 2 days and were 
sacrificed on the 3rd day. The kidneys of each animal were assayed for 6-glucuroni- 
dase and the average figure is listed above. The level of untreated controls is the 
same as that observed in many other control mice (1), z.e. 3000 + 300. Elevation 
of activity to 6000 or more units per gm. by administered steroids is a highly signifi- 
cant response (1) and for the purposes of this experiment data on two mice are suffi- 
cient to indicate a qualitative response. 

* Source of material for Experiments 1, 5, and 15 supplied by Dr. E. B. Astwood; 
Experiment 2, thyrotropin, Armour; Experiment 4, thyroxine, Squibb; Experiments 
6 and 7, human chorionic gonadotropin, Ayerst; Experiments 8 to 11, Gonadogen, 
Upjohn; Experiment 12, pituitary-luteinizing hormone, Armour; Experiment 13, 
FSH, Armour; Experiment 14, prolactin, Armour; Experiment 16, corticotropin, 
Armour. 

t The A/Jax mice were maintained on mixed stock diet (Purina checkers). 

t Dose in micrograms. 

§ Contains approximately 3 per cent luteinizing hormone according to supplier’s 
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Every preparation of gonadotropin of a variety of sources produced an 
increase in renal 8-glucuronidase in intact males (Experiments 6, 8, 12, and 
13). However, the testis was found to be an essential organ in this phe- 
nomenon because gonadotropin was inactive in intact females and in cas- 
trated males (Experiments 9 and 10). Luteinizing (interstitial cell-stimu- 
lating) hormone was far more active than follicle-stimulating hormone, 
since much less of it was required to produce a good response (Experiments 
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Fic. 1. Kidney and urinary 8-glucuronidase response as related to the number of 
daily doses of gonadotropin. The experimental points represent the mean of the 
data from two animals, except the points at Day 7 which is based on a group of four 
animals. The animals were fed the stock checker diet. 


12 and 13). It may be pointed out that castration of male mice caused a 
reduction of renal 8-glucuronidase to the level seen in intact females. 

Other pituitary hormone preparations which were tested yielded negative 
results (prolactin, corticotropin, and growth hormone). Estrogen and 
progesterone were previously found to be inactive as renal-stimulating 
steroids. 8-Glucuronidase activity of liver, spleen, testis, and seminal 
vesicles was not increased by gonadotropin. 

On the basis of these experiments, it was concluded that gonadotropin 
is the major testis-stimulating principle of the pituitary that regulated 
renal #-glucuronidase activity in male mice. Accordingly, experimental 
conditions were sought which would permit a quantitative study of this 
new aspect of gonadotropin action, 
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Time Relationships—The effect on renal and urinary §-glucuronidase of 
daily subcutaneous administration of gonadotropin is illustrated in Fig. 1. 
The levels found after 1 week were similar to those observed previously in 
mice receiving 7 mg. of testosterone propionate over a 2 week period. This 
is at, or near, the maximal kidney level attainable in 2 weeks by any means 
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Fig. 2. Renal and urinary 6-glucuronidase as a function of the logarithm of the 
total dose. Each experimental point is based on results obtained from a group of five 
animals. The vertical fine lines for each kidney value is the standard deviation. 
\, the index of precision has been computed (7); for equine pituitary gonadotropin 
(L. H., Armour) it is 0.161, pregnant mare serum gonadotropin (P. M.S.) (Gonado- 
gen, Upjohn), 0.202, and for human chorionic gonadotropin (H. C.) (Follutein, 
Squibb), 0.063. 


so far employed. Accordingly, a 1 week period of hormone administration 
was chosen for subsequent studies on establishing a relationship of dosage 
to response. 

Route and Frequency of Injections—-Among the different combinations 
tested were intraperitoneal and subcutaneous routes with aqueous solu- 
tions, subcutaneous administration of gonadotropin in propylene glycol- 
water, 1:1, and subcutaneous route for aqueous solutions every other day. 
It was found that the greatest and most uniform response occurred with 
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either daily intraperitoneal or subcutaneous injections of aqueous solutions 
of gonadotropin. 

Relation of Dosage with Renal B-Glucuronidase Response—As seen in Fig, 
2, linear relationships exist between the logarithm of the total dose and 
the renal 6-glucuronidase response. This was true for three gonadotropin 
preparations, the one richest in ICSH proving to be most potent. The 
curves were linear over a satisfactory range of gonadotropin dosage and 
reached a plateau at a level of 30,000 to 35,000 Fishman units per gm. of 
tissue. The urinary levels of the enzyme in the one study carried out this 
way paralleled the kidney curves. It would appear that the renal 6-glu- 


TABLE II 
Comparison of Effects of ICSH and FSH Alone and in Combination 
Total dosage 
Renal 8-glucuronidase Average 
FSH* ICSHt 
unils per gm. units per gm. 
0 35 6830, 5560, 5130 5310 
0 56 11,500, 6,810, 4,980 7760 
0 84 3950, 3780, 5920, 3640, 9020 5260 
0 112 10,800, 9,150, 8,400, 6,450, 11,200 9200 
35 0 4180, 3760, 3260 3730 
56 0 3100, 3800, 3330 3410 
200 0 3070, 3020, 3850, 3200, 2640 3160 
400 0 2620, 2480, 2420, 2740, 3250 2700 
1400 0 4850, 4570, 4730, 5290, 4480 4780 
140 70 3490, 5570, 5500, 6100 5170 
1400 70 4730, 4530, 3270, 3830 4090 


Each value for renal 8-glucuronidase is that for the kidneys of one mouse, the 
number of animals in a group varying from three to five. 

* Swine (Armour). 

Sheep (Armour). 


curonidase was responsive to as little as 0.7 i.u. of pregnant mare serum 
gonadotropin and 2.0 i.u. of chorionic gonadotropin. With regard to pitui- 
tary gonadotropin, rich in ICSH, detectable responses were observed with 
the lowest dose tested (35 y or 0.15 i.u.). These data suggested that per- 
haps the active principle in gonadotropin was associated with ICSH ac- 
tivity. Studies on this suggestion follow. 

Comparison of Pituitary Preparations Rich in ICSH and Follicle-Stimu- 
lating Hormone (F SH)—The data in Table ITI indicate that, when ICSH 
and FSH were compared through a wide range of dosage, the renal 6-glucu- 
ronidase response was seen only with the ICSH preparations. Even when 
the FSH preparation in 40 times the weight of the effective amount of 
ICSH was given, only a slight response was noted. 
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In order to determine whether administered FSH potentiated the ICSH 
kidney 6-glucuronidase response, combinations of the two hormones were 
given. No sign of potentiation was observed. It may be postulated that 
the animal’s endogenous FSH was acting in synergism with administered 
ICSH. To test this suggestion, several 2 day experiments were completed 
(Table III). ICSH was ineffective in immature mice at the 2 mg. level, 
but was active in more mature mice. It is evident also that the control 
level of immature mice is lower than normal, comparable to figures seen in 
castrated male and in intact female mature mice. Thus endogenous FSH 
may be a requirement for the response in immature mice. On the other 
hand, the immature mouse testis may not be capable of producing androgen 
under the present experimental conditions. 


TABLE III 


Effect of Age on Mouse Renal B-Glucuronidase Response 
to Equine Pituitary ICSH 


Age ICSH total dose Renal #-glucuronidase Average 
wks. mg. unils per gm. units per gm. 
3 2 1490, 1770, 1470, 1080, 2200 1600 
3 0 (Control) 1660, 1320, 1350 1440 
20 2 8,800, 10,400, 10,100 9770 
20 0 (Control) 2760, 3140, 3500 3130 


These were 2 day experiments identical in design to those reported in Table I. 
The control animals received 0.10 ml. of distilled water instead of the 0.10 ml. of 
ICSH solution. 


DISCUSSION 


The renal 6-glucuronidase response is a newly discovered biochemical 
effect of gonadotropin. In the past, use for assay purposes has been made 
of the stimulatory effect of gonadotropin on ovary and uterus in the female 
rodent and on testis, seminal vesicle, and prostate in the males. Criteria 
of response were either organ weight changes or alterations in morphology. 
In the female it is agreed that FSH and luteinizing hormone were re- 
quired, whereas in the male it would appear that the biological response 
was dependent on the ICSH principle. We are not aware of any effect of 
gonadotropin in animals which is measurable in terms of an increase in 
enzyme activity. Here it should also be noted that the kidney is a known 
target organ of androgen action. 

Correlation of Response with ICSH Activity—There is no doubt that the 
activity of the various pituitary hormone preparations tested was asso- 
ciated with its gonadotropin content. ‘The response has been repeatedly 
elicited by all ICSH-containing or ICSH-like preparations (pregnant. mare 
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serum and human chorionic gonadotropins) and a standard preparation 
rich in ICSH was definitely the most potent 6-glucuronidase-stimulating 
agent. On the other hand, a standard FSH-rich preparation was relatively 
inert, even at high dosage. The necessity for the presence of a functioning 
testis for this response has been established. For these reasons, there are 
good grounds for attributing to its ICSH content the ability of gonadotro- 
pin to produce the renal 8-glucuronidase response. 

Sex Difference in Kidney B-Glucuronidase Activity—It would appear from 
the present data that strains of mice in which the kidneys of the male are 
richer in 6-glucuronidase than those of the female (C3H Heston), A (Hes- 
ton), DBA (Heston), Balb C (Heston), R III (Andervont), I (4), and BAF, 
(Jackson), AF (Jackson), and DBA (Jackson) (2), may possess a greater 
over-all production of ICSH. It is known that the tissue level of 6-glu- 
curonidase in mice is governed by a single pair of genes (8). Conse- 
quently, heredity is an important factor in addition to ICSH secretion 
which should be considered in the interpretation. The genetic back- 
ground, of course, may determine both the secretory activity of ICSH 
and the resting level of the kidney enzyme; hence in some strains no 
sex difference is discernible, whereas in others the predominant factor 
may be increased ICSH which in the male results in kidneys richer in £- 
glucuronidase. 

Responsiveness of Target Organs to Androgens—It is apparent that the 
important factor in eliciting the kidney response in these experiments is 
the androgen output of the ICSH-stimulated testis. The failure of seminal 
vesicle to respond to ICSH by an increase in 6-glucuronidase was expected 
from our previous results on testosterone administration in 129, C3H (2), 
and A (unpublished data) strains. 

In the histologic study of the testis, no morphologic change was noted 
in animals responding well to lower doses of ICSH, but hyperplasia of the 
Leydig cells became evident at higher levels of the hormone. 

Comparison of Sensitivity of Biochemical Response with Results of Bioassay 
—OQOne may not draw final conclusions from comparisons of bioassay data 
obtained under many varying conditions of animals, age, dosage, route of 
administration, time, and criterion of end-point. It may be informative, 
however, to list the sensitivity of different bioassay procedures in the exist- 
ing literature in order to place in perspective the present findings (Table 
IV). 

Possible Utility of B-Glucuronidase-ICSH Phenomenon—Certain features 
of this system are attractive with regard to the possibility of the biochem- 
assay (1) of ICSH. The kidney 6-glucuronidase response is quantitatively 
measured by an objective, tested, accurate, and reliable biochemical 
method (5). Estrogen itself has no effect on kidney B-glucuronidase and 
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only in large doses does it interfere with the action of testosterone on the 
kidney (2). The animal’s own ICSH level can be neglected because of 
the magnitude of the response (10-fold) which can be elicited by adminis- 
tered ICSH. Accordingly, one can by-pass hypophysectomy or the use 


of immature mice which are features of existing assay techniques. The 
TaBLE IV 
Comparison of Sensitivity of Gonadotropic Assays 
Total dose 
227-80 |lutelaieing| Pfeenant mare | Human 
standard) (Armour) gonadotropin | gonadotropin 
Y 
Melanin deposition in feathers of 8- 10 (9)* 
African weaver finch 
100% increase in weight of rat ven- | 15 (10)* 
tral prostate (Greep method) 
100% increase in weight of rat ven- | 100-200* 20-40* 
tral prostate (Armour method) 
Hyperemia of rat ovary 0.75 (11) 
600% increase in weight of rat 1.0 (12) 1.0 (12) 
uterus 
100% increase in weight of rat 1.0 (11) 
uterus 
100% increase in weight of rat 1.0 (12) 1.0 (12) 
seminal vesicle 2.0 (11) 
50% estrus in rats 2.5 (12) 1.0 (11), 
(12) 
100% increase in renal -glucuroni- | 50 56 0.7 2.0 
dase of A/Jax mouse 
100% increase in seminal vesicle 2.0 (11) 
weight of mouse 
Estrus in mouse 2.5 (11) 
100% increase in ovarian weight in 5-10 (12) | 5-10 (12) 
rat 


Sensitivity of response to gonadotropin in a number of standard biological test 
systems compared with renal 8-glucuronidase. The figures in parentheses refer to 


the literature. 
* Personal communication from I. M. Bunding and S. L. Steelman. 


parallel excretion of urinary 6-glucuronidase in test groups is a feature 
which might offer an even more convenient means of grading ICSH effects. 
In addition, the sensitivity of the gonadotropin-renal 8-glucuronidase re- 
sponse compares well with the sensitivity of response noted in various other 
bioassay procedures (Table IV). 

Aside from the direct bearing which these data possess regarding ICSH 
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action, the finding of a striking increase in enzyme activity in the kidney 
may have a more general biochemical significance, such as in protein syn- 
thesis and enzyme adaptation. 


SUMMARY 


The injection of crude pituitary powder extracts into A/Jax male mice 
produced an increase in renal #-glucuronidase, a phenomenon observed 
previously with administered androgen. A number of pituitary tropic 
hormones were tested and it was possible to identify the 6-glucuronidase- 
stimulating component with gonadotropin. Subsequent experiments have 
established the likelihood that the renal @-glucuronidase response was 
caused by androgen from a functioning testis under the influence of inter- 
stitial cell-stimulating hormone (ICSH). Pregnant mare serum gonado- 
tropin as well as human chorionic gonadotropin were active. Conditions 
have been obtained which permit a quantitative study of the ICSH-renal 
6-glucuronidase phenomenon. ‘Thus, a convenient 1 week period of ad- 
ministration of gonadotropin to male A/Jax mice produces a reproducible 
and uniform response of renal @-glucuronidase (up to 10- to 12-fold). 
Linear relationships have been found between the response and the loga- 
rithm of the total dose of pituitary ICSH which exhibit a satisfactory de- 
gree of precision. Urinary §-glucuronidase paralleled the increment in 
kidney levels of the enzyme. This biochemical response to ICSH would 
appear to offer certain advantages of specificity in the study of the endo- 
crinology of gonadotropin. 


We would like to express our sincere appreciation to the following for 
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ACETOACETATE FORMATION IN LIVER 
IV. STUDIES WITH PENTADECANOIN-1-C¥, -5-C'4, AND -14-C1* 


By D. D. CHAPMAN, I. L. CHAIKOFF, ann W. G. DAUBEN 


(From the Department of Physiology of the University of California School 
of Medicine, Berkeley, California) 


(Received for publication, November 7, 1955) 


The previous papers of this series dealt with acetoacetic acid (AcAcOH) 
formation from isotopically labeled, long chain fatty acids of the even 
series (1-3). The conclusions reached in these and similar studies with 
short chain fatty acids (4-7) have given rise to an interpretation (8) involv- 
ing the concept originally proposed by Crandall et al. (5) of two types of 
2-carbon fragments. ‘The first, a random type (—CH2CO—), can condense 
on either end in forming AcAcOH; the second, a (CH;CO—) type frag- 
ment, is derived from the terminal 2 carbons of the acid, and its incorpora- 
tion into the carbonyl] moiety of AcAcOH is obligatory. This terminal 
type fragment undergoes partial conversion to the (—CH2CO—) fragment. 
The difference in condensation reactivity of these two types of 2-carbon 
fragments is a manifestation of enzymatic phenomena involving the aceto- 
acetate-condensing enzyme (9, 10). A consequence of this phenomenon is 
that the ratio,| R = C*O:C*OOH (for an acid of the even series labeled 
in any odd-numbered carbon other than the penultimate), is less than unity, 
but approaches unity as a limit with increasing chain length. 

The terminal 4 carbons of a fatty acid of the even series constitute a spe- 
cial case, and were dealt with elsewhere (3, 5, 7). It was demonstrated 
that the ratio,’ R; = C*O:C*OOH, for AcAcOH derived from the pen- 
ultimately labeled acid is greater than unity. Furthermore, it has been 
shown that AcAcOH which accumulates does not arise intact from a 4-car- 
bon precursor derived from the end of the fatty acid chain (3). The 
mechanism of AcAcOH formation thus involves essentially complete break- 
down of the fatty acid into 2-carbon fragments with subsequent recondensa- 
tion of these fragments to form AcAcOH (11). 

Since fatty acids of the odd series are also 8-oxidized, their terminal 3- 
carbon fragment presents another special case. The fate of the remain- 
der of the molecule under the influence of such a terminal fragment is also 
considered here. 


* This work was supported by a contract from the United States Atomic Energy 


Commission. 
1 The C*O:C*OOH ratio is equal to the ratio of isotope found in the carbony!] car- 
bon to that in the carboxyl carbon of AcAcOH. 
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EXPERIMENTAL 


Syntheses of C'-Pentadecanoic Acids—Pentadecanoic acid-1-C™ was pre- 
pared by the procedure previously described for the analogously labeled 
palmitic acid (12), by employing, in this case, tetradecylmagnesium bro- 
mide. The preparation of pentadecanoic acid-5-C"™ has also been described 
elsewhere (13). Pentadecanoic acid-14-C™ was synthesized by allowing 
the cadmium reagent from ethyl bromide-1-C™ to react with w-carbometh- 
oxydodecanoy] chloride and reducing the keto ester with hydrazine and 
sodium hydroxide under the conditions of an atmospheric Wolff-Kishner 
reaction. 

Triglycerides of these acids were prepared as previously described for 
tripalmitin (14), and injected intravenously in the form of an emulsion (1). 

Non-Isotopic Acetoacetate—Eastman ethyl acetoacetate was redistilled 
under reduced pressure, converted to sodium acetoacetate by the method 
of Ljunggren (15), and used as carrier without removal of the ethanol 
arising from hydrolysis. 

Procedures in Vitro—Liver slices prepared free-hand were placed in a 
chilled buffer solution, blotted gently on filter paper, weighed, and placed 
in incubation flasks containing a phosphate buffer (see Tables I to IV for 
the details). At the end of the incubation period, approximately 300 
umoles of the sodium acetoacetate, freshly prepared as above, were added 
as carrier to aid in the isolation procedures, and the tissue activity was 
stopped with H2SO,. The details of the procedures in vitro have appeared 
elsewhere (3). 

Analytical Procedures—These procedures have been described in a pre- 
vious communication (3). The deproteinized buffer solutions (copper 
sulfate-lime) were subjected to heat decarboxylation in the presence of the 
Denigés reagent (16), and the —COOH carbon was collected quantitatively 
as CO, in CO2-free NaOH. The resulting mercury-acetone precipitates 
were purified by steam distillation and reprecipitation as previously noted 
(1). Weighed samples of the mercury-acetone complex underwent wet 
combustion with the Van Slyke-Folch reagent (17) (iodate-free), and the 
resulting CO. was collected in 0.5 Nn NaOH (CO>-free). The BaCO; re- 
sulting from addition of saturated BaCl, to the Na2CO3; solutions was used 
to determine the C" content and specific activities of the samples. By the 
steam distillation of the residual Hg-acetone samples into alkaline hypo- 
iodite, a precipitate of CHI; was obtained which was recrystallized from 
ethanol-water, dried, and burned with the Van Slyke-Folch reagent as 
described above. Thus, the specific activities of the carboxyl and carbonyl 
carbons and the average specific activities of the methyl and methylene 
carbons of the acetoacetate in the buffer solutions can be calculated from 
the counting data. The C™ determinations were made with either a con- 
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ventional thin end window Geiger-Miiller counter or a gas flow counter, 
and have been corrected to a standard mass of 40.0 mg. of BaCO;. Each 
sample was counted a suficient number of times to insure a counting ac- 
curacy of +5 per cent. 


Results 


In earlier papers of this series, the methodology for the degradation of 
AcAcOH was reexamined (2, 3). Urea, which gives rise to COz upon heat- 
ing, was not present in sufficient amounts in the buffer solution to cause a 
significant error in determination of the carboxyl carbon of AcAcOH. 


TABLE I 
Distribution of Label from Tripentadecanoin-1-C'4 in Various Carbons 
of Acetoacetate 
Liver slices prepared from fasted rats injected with tripentadecanoin-C™ emulsion 
were incubated in Krebs-Henseleit (29) phosphate buffer, at pH 7.4, for 3 hours at 
37°. Paired flasks, containing 2.00 gm. slices in 25 ml. of the buffer, were prepared 
foreach animal. Oxygen gas phase; alkali in center well. 


Per 
ted Ci Total counts per | Total counts per : Specific activity of 5 
Rat | recov- | minute found in | minute found in S 
in| acetone moiety | carboxyl moiety O 
cAc- 
OH 5 Acetone carbon Carboxyl carbon 5 
(a)* (b) (a)/(d) (c) (d) 3(c)/(d) 
A | 3.25 | 9160 + 60 | 8960 + 70/ 1.02 | 39.0 + 0.90 | 96.6 + 0.35 | 1.21 
B | 3.75 | 8030 + 120 | 7620 + 150 / 1.05 29.8 + 0.70 | 87.44 1.7 1.02 
C | 3.61 | 8950 + 70 |} 8740 + 160 | 1.02 | 34.1 + 0.35 | 102.9 + 1.3 0.99 


*+, average absolute deviation from the mean for duplicate analyses on the 
paired flasks; 1.e., a total of four separate determinations. 


It was also shown that some previously determined values of the 
C*O:C*OOH ratio (1) were too high by as much as 30 per cent. These 
higher values had been obtained on the basis of measurements of specific 
activity only. The procedure was modified (3) to allow the ratio to be 
determined on the basis of both specific activity and total measurements 
of counts per minute, thus providing an internal check on the results. 
Table I shows the consistency of results obtained with three animals 
injected with the same emulsion. It also demonstrates the advantage of 
using both total counts and the specific activities for determination of the 
C*O:C*OOH ratio. One ratio (eighth column) based on specific activities 
is out of line, yet the analytical values obtained for the acetone (sixth 
column) and —COOH moieties (seventh column) are quite consistent be- 
tween the paired flasks for this animal. ‘These results suggest that the 
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previously obtained values (1) were too high because of the presence of 
some specifie contaminant produced by livers of certain animals, but not 
by others. 

In Table II is a breakdown of the actual recoveries obtained for the 
—COOH carbon of AcAcOH as CO: after decarboxylation. It clearly dem- 
on strates that, in the case of the two flasks (Flasks 1 and 2) containing slices 
from the animal which has the spurious specific activity values, anomal- 
ous results are due to the presence of about 100 umoles of unlabeled CO, 
derived probably from some substance that accumulated in the medium. 
No further attempts were made to identify the unknown contaminant. 
Urea will yield some CO, under the conditions of degradation, but inter- 
ference from the urea has been shown to be negligible ordinarily (2). 


TABLE II 
Recovery of Carboxyl Carbon of Acetoacetate 
For the conditions, see Table I and the text. 


Weight Hg- —COOH R f 
Rat Flask No. cond. Acetone pptd. collected 
mg. mmole mmole per cent 

1 422.6 0.365 0.465 127 
- 2 425.5 0.367 0.465 127 

3 
4 4 484 .0 0.418 0.435 104 

5 462.8 0.399 0.429 107 
si 6 464.8 0.401 0.410 102 


* Based on acetone recovery. 


Recovery of C4 in COz—In earlier work with tripalmitin labeled in the 
Ist, 5th, 11th, or 13th carbon atom, C™“QOs. recoveries varied from 3.1 to 
6.9 per cent (1, 3). In the present study, with tripentadecanoin-1l- and 
-5-C™, a range of 3.9 to 8.7 per cent was found (Table III). The difference 
in the two sets of ranges is probably of no significance. 

It was found earlier that the oxidation of the 15th (penultimate) carbon 
of tripalmitin to CO2 is low compared with the oxidation of carbon 13 to 
CO,. The CQO: recoveries in the experiments with the penultimately 
labeled tripentadecanoin appear not to differ significantly from the recov- 
eries obtained with tripentadecanoin labeled in either the 1st or the 5th 
carbon (Table III). 

Recovery of C4 in AcAcOH—In the experiments with tripalmitin-1-C", 
-5-C™, and -11-C™, AcAcOH contained from 4.4 to 7.3 per cent of the incu- 
bated C'. In the present experiments with 1- and 5-labeled tripenta- 
decanoins, from 3.2 to 10.4 per cent of the incubated activity was recovered 
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in the keto acid. There is no apparent difference between long chain 
acids of the even and of the odd series with respect to the incorporation of 
carbon from along the chain into acetoacetate. The variations from ex- 
periment to experiment are probably due to slight differences in the emul- 
sion preparations, and perhaps also to nutritional factors, since we have 
shown that good agreement can be obtained with a single emulsion (Table 
I). 

In the case of the penultimately labeled acids, however, pronounced dif- 
ferences were observed in the incorporation of activity into acetoacetate 
from acids of the even and the odd chain series. The terminal 2-carbon 


TABLE III 
Recovery of Activity from Incubation of Variously Labeled 
Tripentadecanoin in Rat Liver Slices 
2 or more gm. of rat liver slices were incubated for 3 hours at 37° in 25 ml. of 
Krebs-Henseleit phosphate buffer (29), at pH 7.4, in a 250 ml. flask. Duplicate 
samples were prepared from each liver; three rat livers were used in each experiment. 
Gas phase, O2; alkali in center well. 


Per cent incubated C4 
Experi- ro &™M. | Total C4, counts recovered as 
ment Labeled compound per minute 
No. in 6 flasks incubated CO: Aceto- 
acetate 
1 Tripentadecanoin-1-C!4 13.11 1.86 10° 3.86 5.24 
2 14.30 2.95 10° 8.71 5.94 
3 Tripentadecanoin-5-C"4 12.00 9.70 X 10° 8.36 10.4 
4 5 12.00 1.14 X 10° 6.25 6.32 
5 12.00 1.11 108 6.12 9.47 
6 Tripentadecanoin-14-C'* 13.34 5.89 X 106 7.11 0.915 
7 ws 12.00 2.70 XK 108 8.57 1.03 
8 ” 12.00 6.48 x 105 13.0 1.14 


fragment of tripalmitin-15-C™ showed a predilection for AcAcOH forma- 
tion rather than CO, formation. Table III shows, however, that the re- 
verse holds for the terminal 3-carbon fragment of tripentadecanoin-14-C", 

C*O:C*OOH Ratio—Current concepts of fatty acid oxidation and aceto- 
acetate production require that C*O:C*OOH ratios approaching unity 
should obtain in acetoacetate derived from long chain fatty acids of the 
even series labeled in any odd-numbered carbon other than the penultimate. 
This has been verified for 1-, 5-, 11-, and 13-labeled tripalmitin. The pres- 
ent results (Table IV) with the long chain, odd-numbered carbon 1- or 5-la- 
beled tripentadecanoins are similar, indicating that the presence of the ter- 
minal 3-carbon fragment has not significantly modified the fate of the Ist 
or 3rd carbon pair derived from the 15-carbon acid. 
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As with penultimately labeled tripalmitin, which yields C*O0:C*OOH 
ratios of about 6 (3), significant deviations from a ratio of unity were ob- 
tained in the acetoacetate derived from tripentadecanoin-14-C™. But. in 
this latter case, the C*O:C*OOH ratio was less rather than greater than 
unity (0.38 to 0.72). 


TABLE IV 


Incorporation of Carboryl, 5th, and 14th Carbons of Pentadecanoin into 
Acetoacetate Carbons by Rat Liver Slices 


For the conditions, see the text and Table III. 


ag Labeled compound 
+ | —co— | —coon | + | -co—|—-coou 
1 Tripentadecanoin-1-C!4 28 1270 1195 2.40 | 106 | 100 
2 4 10.8 | 900 876 1.24 | 103 | 100 
3 Tripentadecanoin-5-C" 11.2 | 1042 1280 0.88 82 | 100 
4 r 22.6 | 1702 1670 1.36 | 102 | 100 
5 r 42.8 | 1070 1230 3.40 87 | 100 
6 Tripentadecanoin-14-C!* | 454 146 389 116 38 | 100 
7 - 400 113 276 144 41 | 100 
S ” 161 65.5 91.3 | 176 72 | 100 
DISCUSSION 


Fatty acids containing an uneven number of carbon atoms are not normal 
constituents of the diet. They do, however, occur as products of bacterial 
metabolism in the intestine of ruminants. Indeed, propionate represents 
a significant portion of the fatty acids produced by fermentation in the 
rumen (18). It is generally agreed that fatty acids of the odd series are de- 
graded by 8 oxidation, resulting in the production of a 3-carbon fragment 
from the terminal end of the molecule (19). 

The C“O, and AcAcOH-C" recoveries from the Ist and 5th carbons of tri- 
pentadecanoin were similar to those observed with the same carbons of 
tripalmitin. This observation extends the results of Geyer et al. (6), which 
indicated (with short chain fatty acids) that the terminal 3-carbon frag- 
ment depresses incorporation of the carboxyl carbon into acetoacetate, 
but that the effect becomes less pronounced with increasing chain length. 
It is apparent from our results that, in the case of chain lengths of fatty 
acids normally present in rat diets, the terminal 3-carbon unit exerts little 
or no effect on the fate of the 2-carbon units derived from the major portion 
of the fatty acid chain. 

Geyer et al. (6) presented data suggesting that the terminal 3-carbon 
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fragment of carbon acids of the odd series might be converted to a 2-carbon 
fragment having the same properties as the terminal 2-carbon fragment 
derived from the even numbered series. ‘This conclusion was based upon 
their observation of a steadily increasing C*O:C*OOH ratio in experiments 
with carboxyl-labeled short chain fatty acids containing 5, 6, 7, 8, 9, and 
12 carbons. Two of the findings in the present study argue against the 
conversion of the terminal 3-carbons to a terminal type of 2-carbon frag- 
ment: (1) the randomization of isotope from tripentadecanoin-14-C™ 
among all 4 carbons of AcAcOH, and (2) the low incorporation of activity 
from tripentadecanoin-14-C™ into AcAcOH and, in particular, into the 
6-carbon of the AcAcOH. If a terminal type of 2-carbon fragment had 
been formed, its preferential incorporation into the B-carbon of AcAcOH 
should have been observed. 

The randomization of isotope in the AcAcOH isolated after incubation of 
tripentadecanoin-14-C™ remains to be considered. A mechanism involv- 
ing w oxidation followed by normal 8 oxidation must be excluded on the 
grounds that such a mechanism would give rise, in the case of the 14-labeled 
acid, only to methyl-labeled 2-carbon fragments, and would not account 
for the random distribution of isotope in AcAcOH. For a combination of 
w and 6 oxidation processes to account for our observations, the two proc- 
esses would have to occur to essentially the same extent with regard to the 
14th carbon. Such a degree of w oxidation was excluded previously for 
the case of palmitic acid (3), and indeed has never been observed (20). 

If, then, it is assumed that 6 oxidation of a fatty acid of the odd series 
gives rise to a metabolic form of propionic acid (propionyl coenzyme A), 
the mechanism proposed for the propionic acid oxidation must account 
for the appearance of C in the methyl plus methylene carbons of aceto- 
acetate. Daus et al. (21) have indicated that propionate carbon is in- 
corporated into B-hydroxyvalerate as well as into the various intermediates 
of oxidation. It might therefore be thought that the inclusion of B-keto- 
valerate, formed during the incubation of the tripentadecanoin-14-C*, 
with metabolic and carrier acetoacetate might influence the apparent dis- 


CH; C*H:CO— + (—CH:CO—) — CH;C*H:COCH:COOH (8-ketovalerate) 
Decarboxylation 
CH;C*H2COCH; + CO: (unlabeled) 


Apparent labeling CO.* CHI; (unlabeled) 
of “acetone’”’ upon 
combustion 
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tribution of isotopic carbon in the “acetoacetate” isolated at the end of 
the experiment. ‘This is illustrated in the accompanying diagram, 

It therefore seems probable that. the terminal 3-carbon unit is metabo- 
lized as is propionic acid, but without the formation of significant amounts 
of B-ketovalerate. 

The two major pathways considered for the oxidative fate of propionate 
are 


(1) Propionate — acrylate — lactate — pyruvate — tricarboxylic acid cycle 


(2) Propionate + CO, — succinate — tricarboxylic acid cycle 


The first mechanism is based primarily on inference from the presence of 
enzymes which could carry out the reactions (22). The second mechanism 
has received greater support; it has been well established in microorganisms 
(23-25). Evidence obtained here and elsewhere indicates that the direct 
incorporation of propionate into succinate occurs to a large extent in mam- 
malian tissues. ‘The evidence is based primarily on the high labeling of 
derived succinate observed with labeled propionate as compared with 
labeled lactate (26). In addition, from Lardy’s laboratory there has been 
reported the preparation of a soluble fraction of acetone-dried rat liver 
mitochondria capable of fixing CO:2 into propionate to form what is ap- 
parently succinate (27). 

From the accumulated evidence (28), it seems probable that Krebs’ 
cycle carbon will leak into the pyruvate pool (and hence into the acetyl- 
CoA pool) via oxalacetate and phosphoenol pyruvate. Assuming then 
that methylene-labeled succinate is the immediate product of the propionyl 
CoA derived from metabolism of tripentadecanoin-14-C™, the 2-carbon 
fragments resulting from this leakage would have equal activity in each 
carbon atom; 2.e., the labeling would be randomized. To test the extent 
of this leakage, acetate-2-C™, which gives rise to metabolic succinate- 
2 ,3-C™, was incubated with liver slices, and the AcAcOH thus formed was 
isolated and degraded.2, The amount of incorporation of the randomized 
carbon into AcAcOH was related to the amount of incorporation of the 
label into respiratory COs, since this eliminates from consideration those 
pathways of utilization of the substrate which do not involve its incorpora- 
tion into the tricarboxylic acid cycle. The amount of randomized carbon 
in AcAcOH derived from acetate-2-C" was found to vary between 10 and 
15 per cent (average 12 per cent) of the labeled carbon appearing in COs. 
In the comparable experiments in the present report (fasted rat liver slices 
metabolizing tripentadecanoin-14-C"), this fraction varies from 9 to 13 
per cent (average 11 per cent), again indicating consistency with the view 
that the terminal 3-carbon unit is metabolized via succinate. 


2? Unpublished experiments of D. D. Chapman and W. M. Fitch. 
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SUMMARY 


|. The formation, by rat liver slices, of CO» and acetoacetate from tri- 
-5-C™", and -14-C'™ was studied. ‘The distribution of 
(' among the various carbons of the acetoacetate was determined. 

2. The incorporation of carbon from this long chain odd-numbered 
carbon fat into the two products studied seems to have been minimally 
affected by the presence of the terminal 3-carbon fragment of this fat, as 
compared with the pronounced effects noted by other workers using short 
chain acids. Carbons 1 and 5 appear in both degradative products to an 
extent similar to the comparable carbons of tripalmitin. 

3. The penultimate (14th carbon) of tripentadecanoin, however, appears 
in COz to a relatively greater extent than does the 15th carbon of tripal- 
mitin. This indicates that the terminal 3-carbon unit cannot be converted 
to a significant extent to a terminal 2-carbon unit. 

4. Pentadecanoin-14-C™ gave rise to acetoacetate labeled in the methyl] 
and methylene carbons as well as in the carbonyl and carboxy] carbons. 
The total incorporation of C™ into acetoacetate from pentadecanoin-14- 
C“ was less than that from the other labeled tripentadecanoins. This 
observation is compatible with the view that the terminal 3-carbon unit of 
this long chain, odd-numbered carbon acid is metabolized via a 4-carbon, 
symmetrical intermediate (e.g., succinate). The labeling of the acetoace- 
tate suggests that significant quantities of carbon from the tricarboxylic 
acid cycle can be diverted to the 2-carbon fragment pool (acetyl CoA). 

5. The formation of 6-ketovalerate is excluded as a significant fate of 
the terminal 3-carbon unit of a long chain, odd-numbered carbon fatty acid 
in the rat liver slice. 
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THE METABOLISM IN VITRO OF FLUORENE DERIVATIVES 
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Previous studies in vitro of the metabolism of the carcinogen 2-acetyl- 
aminofluorene (AAF) by rat liver slices indicated that the compound is sub- 
ject to deacetylation, hydroxylation, and protein binding (1, 2). Protein 
binding of carcinogens of diverse chemical structure by the susceptible 
tissue appears to be a generalized phenomenon and, in several instances, 
there is a good correlation between carcinogenic potency and the level of 
protein binding (3, 4). As a consequence, binding of a carcinogen to cel- 
lular proteins is regarded by some investigators as a prerequisite for chem- 
ical carcinogenesis (3). If protein binding has the postulated etiological 
significance in carcinogenesis by chemical agents, it is important to ascer- 
tain whether the protein interacts directly with the administered compound 
or with a metabolite thereof. In the case of the binding of 3,4-benzpyrene 
bv skin proteins, two derivatives which arise during metabolism have been 
recognized as the bound compounds (5). Recent work on the degradation 
of the protein-carcinogen complex, which arises from the interaction of 
skin proteins with 1 ,2,5,6-dibenzanthracene-9 , 10-C'*, also indicates that 
chemical transformation of the carcinogen precedes protein binding (6). 
In the case of AAF it had been found that unfortified rat liver homogenates 
did not bind the radioactivity of 2-acet ylaminofluorene-9-C' (AAF-9-C}), 
and chromatographic techniques failed to reveal the presence of 2-hydroxy- 
7-acetylaminofluorene (2-OH-7-AAF) (1). These results suggested that 
metabolic activity and, more specifically, hydroxylation of the compound 
are required for protein binding. In this communication further data are 
presented in support of this view. Rat liver slices denatured by different 
methods did not hydroxylate AAF, as determined chromatographically or 
colorimetrically, and did not bind the radioactivity of AAF-9-C to the 
same extent as did viable slices. Hydroxylation of either AAF-9-C" or 
2-benzoylaminofluorene-9-C (BAF-9-C) by slices, as measured by isotope 
carrier methods, was of similar magnitude, and the extent of binding of 


* Supported by grants from the American Cancer Society, on recommendation of 
the Committee on Growth of the National Research Council, and the Minnesota Di- 
vision of the American Cancer Society. 
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the radionotivity of both compounds wae approximately the same 
drolysis of BARC" to (AP by liver slices was 
found to proceed at a much slower rate than the deacetylation of 
previously observed (2). It would, therefore, appear that metabolic de- 
acylation bears no relation to the chemical reaction which results in the 
formation of the protein-carcinogen complex. TEvidence for the interaction 
of the metabolites with tissue proteins rather than with nucleic acids was 
furnished by other experiments in which the nucleic acids were extracted 
from radioactive tissue preparations with hot trichloroacetic acid (7) with- 
out removing the radioactive label. 


EXPERIMENTAL 


Animals, Tissue Preparations, and Incubation Media—The experimental 
details regarding animals, tissue preparations, and incubation media were 
essentially the same as those described previously (1, 2). In certain ex- 
periments concerned with protein binding, denaturation or inactivation of 
liver slices was accomplished as follows. Slices were denatured by heating 
in an autoclave at 120° and 15 pounds pressure per sq. in. for 20 minutes, 
or by preincubation for 1 hour in media which were adjusted to pH 2 (glass 
electrode) with dilute hydrochloric acid. Alternatively, inactivation was 
carried out by preincubation for 1 hour in media containing 0.005 m sodium 
cyanide (8). The labeled substrate was then added and the incubation 
continued for 4 hours. 

Synthesis of Unlabeled Compounds—2-Aminofluorene (AF), m.p. 127- 
128° (9),} 2-hydroxy-7-acetylaminofluorene (2-OH-7-AAF), m.p. 230-231° 
(10), and 2-hydroxy-7-benzoylaminofluorene (2-OH-7-BAF), m.p. 250-251° 
(11) were prepared by methods already published. 

2-Acetoxy-7 -acetylaminofluorene (2-CH ;COO-7-A AF)—S50 mg. of 2-OH-7- 
AAF in 10 ml. of pyridine were acetylated with 0.5 ml. of acetic anhydride 
in the usual manner. After evaporation of the solvent in a current of dry 
air, the residue was crystallized from benzene to yield 50 mg. of 2-CH;COO- 
7-AAF, m.p. 198°. 

Ci7HisNO;3. Calculated. C 72.6, H 5.38, N 4.98 
Found. 72.6, ‘* 5.44, 5.03 


2-Acetoxy-? -benzoylaminofluorene (2-CH;COO-7-BAF)—50 mg. of 2-OH- 
7-BAF were acetylated as described above to yield 49 mg. of 2-CH;COO-7- 
BAF, m.p. 231-232°. 


Co2Hiz7NO;3. Calculated. C 77.0, H 4.99, N 4.08 


1 All melting points were taken on a Fisher-Johns melting point apparatus and 
were corrected to reference standards. 


— 


Syntheata of Labeled Compounda Tn the course of the preparation of 
APC of the high specific radionctivity required for the present atudy, 
two reactions of the original ayothesia (12) were modified. These modifi- 
cations assure satisfactory yield and purity of the intermediates. ‘The 
carbonation reaction, which is the critical step in the synthesis, was carried 
out ina different apparatus and at 25° instead of at —70° as described by 
Ray and Geiser (12), thereby raising the yield of biphenyl-2-carboxylic 
acid-C" from 60 to 82 per cent. The crude fluorene-9-C' obtained by the 
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Fic. 1. Apparatus for the carbonation of biphenyl magnesium iodide with radio- 
active CO.. A, ascarite tube; B, reservoir for sulfuric acid; C, 2-way stop-cock; D, 
25 ml. flask containing BaC'“O,; E, 3-way stop-cock; F, 25 ml. flask containing bi- 
phenyl magnesium iodide in ether; G, 2-way stop-cock; H, cooling bath; J, J, glass- 
enclosed magnets; K, motor for rotating magnet. 


Clemmensen reduction of fluorenone-9-C“ always contained variable 
amounts of a high melting impurity. This contaminant could be removed 
only by vacuum sublimation of the crude product. Sublimation at this 
point is therefore considered an essential step of the synthesis. 

The apparatus used for the carbonation is shown in Fig. 1. The Grig- 
nard reagent was prepared in Flask F from 0.145 gm. (0.006 mole) of mag- 
nesium and 1.76 gm. (0.0063 mole) of 2-iodobipheny] in 10 ml. of anhydrous 
diethyl ether. The flask was attached and the mixture was cooled in dry 
ice and acetone until frozen. The apparatus was evacuated to 3 mm. of 
mercury and then allowed to warm to 25°. At this temperature the up- 
take of carbon dioxide, as determined by continuous manometric readings, 
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wae fairly rapid, whereaa al temperatures below — 10° the uptake of oar 
hon dioxide was very slow and at —70° there was none, LOK gm. (0.0055 
mole; 10 me.) of Bal'O, in Flask D were decomposed by the dropwise 
addition, from Flask B, of 10 ml. of concentrated sulfuric instead of phos- 
phorie acid, which eliminates the necessity of drying the radioactive gas. 
After the BaC™O, had been decomposed, the sulfuric acid was heated al- 
most to boiling and the closed apparatus allowed to remain at room tem- 
perature overnight. The reaction mixture was then frozen with dry ice 
and acetone and any residual radioactive gas swept with nitrogen into a 
sodium hydroxide trap connected to Flask F. The reaction mixture was 
then processed essentially as described by Ray and Geiser (12). The 
product, m.p. 110-112°, weighed 0.886 gm., 81.5 per cent yield. Biphenyl- 
2-carboxylic acid-C' was converted to fluorenone-9-C" in the usual man- 
ner (12). Fluorene-9-C* was prepared from 0.769 gm. of fluorenone-9-C™ 
by the modified Martin-Clemmensen reduction (13). The product was 
collected on a fritted disk and weighed 0.718 gm., m.p. 108-111°. After 
it was washed through the disk with three 15 ml. portions of diethyl] ether, 
0.110 gm. of an ether-insoluble impurity which melted from 235-255° re- 
mained. Evaporation of the ether gave 0.610 gm. of crude fluorene-9-C", 
m.p. 100-112°. This material, when sublimed at 70—90° and a pressure of 
<0.1 mm., gave 0.497 gm. of pure fluorene-9-C", m.p. 115-116°, 70.4 per 
cent yield. The fraction which did not sublime weighed 0.113 gm. and 
decomposed above 210°. Fluorene-9-C" was nitrated and reduced in the 
usual manner (9) to yield AF-9-C'*, m.p. 127-128°, which had a specific 
radioactivity of 8.21 uc. per mg. The over-all yield of carbon 14 was 41 
per cent. AAF-9-C'4, m.p. 197-198°, and BAF-9-C*, m.p. 219-220° (13), 
were synthesized by methods already published. These compounds were 
not contaminated with AF-9-C"™, since paper electrophoresis (14) of 150 y 
of AAF-9-C" or 90 y of BAF-9-C" gave no radioactive peak for AF-9-C". 

Carrier Experimenis—The separation of slice proteins and soluble pro- 
teins from the incubation mixtures has been described (2). The carrier 
compounds dissolved in acetone were added to the protein-free acetone- 
water mixtures and the acetone was removed by evaporation in vacuo at 
room temperature. For the isolation of 2-OH-7-AAF-9-C", the aqueous 
suspension remaining after removal of the acetone was acidified with 2 ml. 
of concentrated hydrochloric acid and extracted for 48 hours with diethyl 
ether. The ether was evaporated, the residue treated with 80 ml. of 0.2 
N potassium hydroxide at 60-65° for 15 minutes, and the solution filtered 
hot. After being cooled the solution was extracted twice with 50 ml. of 
diethyl ether. The aqueous solution was next acidified, yielding 2-OH-7- 
AAF-9-C". Table I shows the subsequent purification of the isolated car- 
rier. The specific radioactivity remained unchanged after conversion of 


SOU TAAR to 2 AAP TOR’) oF bo methory- 
mop. 202 204° (10), thus establishing radio. 
chemical purity. For the simultaneous isolation of APOC" and 2-OF-7- 
BAF-9-C' in Experiment 3 (Tables TT and T11), the aqueous suspension 
was extracted with methylethyl ketone, b.p. 77-79°, for 18 hours. After 
evaporation of the solvent in vacuo at room temperature, AF-9-C™ was 
separated from 2-OH-7-BAF-9-C"™ by extraction of the residue with n-hex- 


TABLE I 


Purification of 2-OH-7-AAF-9-C Isolated from Incubation Mixtures of 
Rat Liver Slices or Homogenates with 2-AAF-9-C'4 


In Experiment 1, each of two flasks contained 1.0 gm. of liver slices, 10.0 ml. of 
buffer, 1.9 ml. of a 4 per cent dextrose solution, and 325 y of AAF-9-C"™, m.p. 197-198°, 
in 100 wl. of 95 per cent ethanol. The specific activity of the AAF-9-C™ was 1350 
c.p.m. per microgram (2.51 X 107 c.p.m. per mg. of carbon 9). In Experiment 2 each 
of two flasks contained 1.0 gm. of liver homogenized in 10.0 ml. of buffer, 1.9 ml. of 
a 4 per cent dextrose solution, and 317 y of AAF-9-C™, m.p. 197-198°, in 100 wl. of 95 
per cent ethanol. The specific activity of the AAF-9-C was 1410 c.p.m. per micro- 
gram (2.62 X 107 c.p.m. per mg. of carbon 9). The incubation time was 4 hours; 
temperature, 37°; gas phase, oxygen. 


Specific activity of 
recovered product* 
Compound Purification method of 
Experi- | Experi- 
ment 1 ment 2 
c.p.m. c.p.m. 
per mg. | per mg. 
2-OH-7-AAF Crystallization 50% CH;COOH 7470 4620 
50% 5500 1100 
50% C:H;OH 5570 1120 
2-CH;COO-7-AAF Benzene 5760 
2-CH;0-7-AAF - 65% C:H,OH 5630 955 
” Sublimation 150°, <0.001 mm. 1080 


* The specific activity (counts per minute per mg. of labeled carbon 9) is equal to 
(the counts per minute per mg. of the compound) X (the molecular weight of the com- 
pound)/12. 


ane, b.p. 65-67°. 2-OH-7-BAF is insoluble in this solvent. The purifica- 
tion of the recovered AF-9-C" is presented in Table III. Radiochemical 
purity was proved by acetylating the purified carrier to AAF-9-C* (12) or 
to 2-diacetylaminofluorene-9-C' (DAAF-9-C) (15), with no change of the 
specific radioactivity. The isolated 2-OH-7-BAF-9-C (Experiments 3 and 
4, Table II) was converted to 2-CH;COO-7-BAF-9-C. This derivative 
was readily purified by repeated sublimations and crystallizations. Final 
proof of radiochemical purity was obtained by acid hydrolysis of 2-CH;- 
COO-7-BAF-9-C" to 2-OH-7-BAF-9-C", m.p. 250-251°, in a mixture of 1:1 
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Hlacial aeetie sulfarie acid, with no change of the apecifie 
netivily, 

Protein Binding of Radioachioity and Radioactiity Measurementa— Ace. 
tone powders were obtained from homogenized slices or homogenates as 
previously described (2). After being dried to constant weight, they were 
assayed for radioactivity and extracted with boiling organic solvents as 


TABLE II 


Purification of 2-OH-7-BAF-9-C™ Isolated from Incubation Mixtures 
of Rat Liver Slices with 2-BAF-9-C" 

In Experiment 3 each flask contained 1.0 gm. of liver slices, 10.0 ml. of buffer, 
1.9 ml. of a 4 per cent dextrose solution, and 179 y of BAF-9-C", m.p. 219-220°, in 
100 wl. of 1:1 acetone-95 per cent ethanol. The contents of ten flasks were combined. 
The conditions of Experiment 4 were the same as in Experiment 3, except that 173 
y of BAF-9-C" were added to each incubation flask and the contents of six flasks com- 
bined. The specific activity of the BAF-9-C"4 was 512 c.p.m. per microgram (1.22 x 
10’ c.p.m. per mg. of carbon 9). The incubation time was 4 hours; temperature, 37°; 
gas phase, oxygen. 


Specific activity of 
recovered 
Compound Purification method of 
Experi- | Experi 
ment 3 | ment 4 
C.p.m. c.p.m 
per mg. | per mg 
2-OH-7-BAF Crystallization | 70% CH;:COOH 10200 | 16500 
70% 7750 | 13600 
sid 55% C:H;,OH 7850 
2-CH;COO-7-BAF “p Benzene 5490 | 8550 
6720 
< Sublimation 180-190°, <0.001 mm. 5460 | 4430 
180-190°, <0.001 ‘‘ 4200 
180-190°, <0.001 ‘‘ 4350 
2-OH-7-BAF Crystallization 50% CH;:COOH 5450 | 4220 


* The specific activity is expressed as indicated in Table I, footnote. 


previously reported (1). Measurements of radioactivity were carried out 
as previously described (1, 2). 


Results 

Incubation of liver slices with AAF-9-C" resulted in rapid labeling of ¢ 
slice proteins (Fig. 2). Irreversible fixation of the radioactivity was de- ; 
tectable 15 minutes after the start of incubation, but not at zero time. Mv 
The specific radioactivity of the proteins increased in a linear manner for ¥ 
the first 2 hours. During the subsequent 2 hours, labeling proceeded at lg 


KO per cent of the imitial rate, 
that cellular finetion wae required for maximal binding, 


activation by heat or low pH practically abolished binding. 


Debenzoylation of 2-BAF 9-0" by Liver Slices 


Il 


‘The data of Table TV show 


Labeling was 


This carrier experiment was performed simultaneously on the acetone solutions 


of Experiment 3, Table Il, with 300 mg. of AF. 


Specific 
Purification | |e 
product* ation 
Crystallization (AF) Hexane | 7640 
28% C.H;,OH 4930 
Hexane 2570 
Sublimation (AF) 90° at 0.1-0.2 mm. 1200 
90° 0.1-0.2 968 
Crystallized derivative 50% CH;COOH 1010 
(AAF) | 
Crystallized derivative Benzene | 983 23.8 2.09 
(DAAF) | 


* The specific activity is expressed as indicated in Table I, footnote. 
+ The mg. of AF formed and the estimated debenzoylation were calculated by the 
method indicated in the footnotes of Table V. 
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Fig. 2. Protein binding of the radioactivity of AAF-9-C* by rat liver slices versus 
time. The dots represent the per cent of the added C™ bound versus time and the 
crosses represent the fraction of the added C' bound per hour versus time. Each 
experimental point represents the value obtained from one incubation flask. Each 
flask contained 500 mg. of liver slices, 10 ml. of buffer, 1.9 ml. of a 4 per cent dextrose 
solution, and 311 7 of AAF-9-C* in 100 ul. of 95 per cent ethanol. The temperature 
was 37°; gas phase, oxygen. The tests for protein binding and the method of calcu- 
lation of the per cent C™ bound are described in Table IV. 
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reduced by 75 per cent in slices exposed to cyanide, In denatured slices 
metabolism of the carcinogen has presumably ceased, and it would appear 
that the increasing labeling of the proteina of vinble slices (ig, 2) was due 
to binding of a metabolite and not of the substrate,  lxaminnation of the 


Tanin IV 


Protein Hinding of Radioactivity by Kat Liver Preparationa 

The conditions of Experimenta 1, 2, 4, and 4 are deacribed in Tablea TP and 11. 
The conditions of Experiments 5, 6, 8, and 0 were the aame as in Mxperiment 1, ex. 
cept that the slices were treated as described in the text. Experiment 7 served as a 
control for Experiments 8 and 9. 327 7 of AAF-9-C', m.p. 197-198°, were added, 
The specific activity of the AAF-9-C"™ was 1350 ¢.p.m. per microgram. The ineuba- 
tion time was 4 hours; temperature, 37°; gas phase, oxygen, in the experiments with 
viable tissue. 


Specific activity of tissue after 
extraction*® with 
Condition of tissue Substrate of radio- 
| 
per me.| per me.| per me.| per me.| Pe” 
1 Viable slices AAF-9-C4 66 69 72 71 2.0 
2 Homogenate - 12 13 12 14 0.6 
3 Viable slices BAF-9-C4 12 12 14 13 2.0 
4 22 20 21 17 2.8 
5 Heated AAF-9-C'# <3 0.0 
6 Slices at pH 2.0 ” 3 4 3 0.1 
7 Viable slices ss 85 | 84 89 90 2.3 
8 Slices at pH 2.0 " 7 7 7 11 0.3 
9 «6+ NaCN 1 34 33 31 26 0.6 


* The extractions were performed as previously described (2) with boiling solvents 
for 18 to 24 hours. 

j After this extraction 50 to 75 mg. of the tissue were dissolved in 5 ml. of 10 per 
cent sodium hydroxide solution. The tissue was precipitated with 6 ml. of cold 50 
per cent trichloroacetic acid solution and reextracted with ethanol. 

t Fraction bound = (final specific activity of the extracted tissue X ‘the mg. of 
acetone powders X 100)/total substrate radioactivity. 


incubation mixtures of slices poisoned with cyanide for hydroxylated deriv- 
atives, by chromatographic methods (1), failed to reveal the presence of 
2-OH-7-AAF. The sensitivity of the method is such that 3.7 per cent hy- 
droxylation of the substrate was detectable under the experimental condi- 
tions. Likewise, examination of incubation mixtures of slices at pH 2 by 
an adaptation of the colorimetric method of Udenfriend e¢ al. (16) gave no 
evidence for the presence of hydroxylated derivatives. 2.4 per cent hy- 
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droxylation of the available AAFP could have been estimated by this proce- 
dure, ‘These observations focused further attention on the possibility that 
binding conditional on hydroxylation of the substrate, 
had been tentatively impleated in the binding reaction, when it waa found 
that homogenates appeared to be incapable of binding the radioactivity of 
or hydroxylating the substrate, as indicated by chromatographic 
analyaia (1), ‘This experiment was repeated with the AAPALC" at hand 
which had a 14-fold greater specific radioactivity than had been available 
previously (1), ‘This increased activity permitted measurement of 0.2 per 
cent hydroxylation by isotope dilution methods. 0.6 per cent of the sub- 
strate radioactivity was bound by proteins (Experiment 2, Table IV) and 


TABLE V 
Extent of Hydrozylation of 2-AAF-9-C' and 2-BAF-9-C™ by Rat Liver 
Final 
Weight of ifi Hydrox- 

Condition of tissue Substrate carrier, activity of 
No.* added formedt ylation} 
mg per cent 

1 Slices AAF-9-C14 254 5570 56.2 8.08 

2 Homogenate ” 205 1120 8.78 1.29 

3 Slices BAF-9-C4 300 5450 134 7.09 

4 321 4220 111 10.1 


* The experimental details are described in Tables I and II. 

t Mg. of 2-hydroxy-7-acylaminofluorene formed = (mg. of carrier added) X 
(c.p.m. per mg. of C-9 of isolated carrier)/(c.p.m. per mg. of C-9 of substrate). 

t Estimated hydroxylation = (micromoles of hydroxylated derivative formed X 
100)/(micromoles of substrate added). 


a carrier experiment indicated the formation of 9 y of 2-OH-7-AAF-9-C 
from 634 y of AAF-9-C" (1.29 per cent hydroxylation) (Tables I and V). 
These quantities of 2-OH-7-AAF are below the limit of detection by chro- 
matography. It is therefore possible that, coincidental with the low level 
of protein binding by cyanide-treated slices, traces of the hydroxylated 
product were present which escaped detection. Although both hydroxyla- 
tion and binding were carried out by homogenates at a low level, the data 
of Tables IV and V show that slices were greatly superior in performing 
either reaction. Thus, approximately 2 per cent of the substrate radio- 
activity was bound by slice proteins, and measurements of the hydroxylation 
reaction indicated the formation of 8.1 per cent 2-OH-7-AAF-9-C" from 
AAF-9-C" under standard conditions. According to the data of Table IV, 
incubation of liver slices with BAF-9-C" resulted in protein labeling, the 
degree of labeling being of the same order as that with AAF-9-C™. Isola- 
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tion of 2-OH-7-BAF-9-C" from the incubation mixtures of liver slices with 
BAF-9-C"* (Table II) and measurements of the magnitude of this reaction 
(Table V) indicated that liver slices formed the phenolic derivative from 
AAF-9-C or BAF-9-C" in similar yields, From the experimental evidence 
it would appear that the magnitude of protein binding paralleled the extent 
of hydroxylation, ‘This observation gives further support to the view that 
protein binding depended on substrate hydroxylation, 

It had been shown previously, by a speetrophotometrc method, that 
the benzoyl group of BAP waa resistant to hydrolyaia by liver slices, Un. 
der these experimental conditions § per cent hydrolysis waa detectable (1), 
In view of the limited sensitivity of the spectrophotometric technique, the 
hydrolysis of BAF by liver slices was reexamined by isotope dilution meth- 


VI 
Extraction of Radioactive Liver Preparations with Trichloroacetic Acid* 
Specific activity of Specific activity of tissue after 
Substrate tissue before 
extraction Extraction I Extraction II 
C.p.m. per mg C.p.m. per mg C.p.m. per mg 


* 50 to 100 mg. of liver tissue which had been extracted exhaustively with ethanol, 
benzene, and diethy] ether (1, 2), and which had the specific activity shown in the 
second column, were stirred for 15 minutes at 90° + 1° with 10 ml. of 5 per cent tri- 
chloroacetic acid (7). The tissues were then washed with distilled water and ex- 
tracted with boiling ethanol for 18 to 24 hours prior to the final radioassay. 


ods which, under the experimental conditions of the present study, per- 
mitted measurement of 0.3 per cent hydrolysis of BAF. 2.1 per cent of 
the available BAF-9-C" was converted to AF (Table III). Incubation of 
BAF-9-C" in the absence of viable slices gave no evidence, by paper elec- 
trophoresis and subsequent scanning (2), for the presence of AF-9-C". 
These experiments then provide evidence that removal of the benzoyl 
group from a substituted aromatic amine does occur at a slow rate. The 
data of Table III show that 2.4 y of AF per gm. of liver slices were formed 
from BAF-9-C™. In contrast, 59 y of AF per gm. of liver slices were pro- 
duced from AAF-9-C'™ under comparable conditions (2). Since protein 
labeling zn vitro is a function of the substrate concentration (1, 2), it fol- 
lows that the identical labeling of proteins observed in the present experi- 
ments with BAF-9-C" or AAF-9-C™ cannot be accounted for by formation 
and subsequent binding of AF. 
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In previous communications (1, 2) it had been presumed that the bound 
compound had interacted exclusively with tissue proteins. ‘The data of 
‘able VI provide support for this assumption. ‘The specific radioactivity 
of tissue preparations from which adsorbed radioactivity had been removed 
by exhaustive extractions with organic solvents (1) declined at most 20 per 
cent after treatment with hot 6 per cent trichloroacetic acid, which removes 
nucle (7), follows that at least #O per cent of the radioactive 
metabolites waa not combined with 


DIBCUSEION 


The question may be raised whether the labeling of proteins observed in 
the present experiments was in fact due to interaction with fuorene deriv- 
atives. ‘The available evidence strongly suggests that this was the case. 
In vivo and in vitro studies have shown that the labeled carbon atom 9 of 
AAF-9-C™ is not detached from the molecule (1, 13, 17). Consequently, 
protein labeling was not due to CO, or compounds derived from it. Since 
2-acetylaminofluorenone and the corresponding biphenyl carboxylic acid 
appear not to be metabolites of AAF (18), the 9 position of the fluorene 
nucleus would seem to be resistant to oxidative attack. Biphenyl deriva- 
tives are therefore in all probability not involved in the binding observed 
in the present experiments. The results of tracer studies with N!*-labeled 
AAF have shown that the nitrogen atom remained on the fluorene ring 
during metabolism (19). The labeling of proteins with nitrogen'® observed 
in these experiments supports the view that a derivative of AF interacts 
with proteins (19). 

In so far as the present experiments make the dependence of protein 
binding on biological hydroxylation highly probable, at least two possibili- 
ties are being considered to describe the mechanism which connects the 
two reactions. The first of these is depicted in Fig. 3. Compound A, 
which has been isolated whenever protein binding occurred, results from 
the enzymatic oxidation of AAF or BAF. Comparison of the ultraviolet 
absorption spectrum of 2-OH-7-AAF with that of AAF (Fig. 4) shows that 
the absorption of 2-OH-7-AAF is shifted toward longer wave-lengths. 
Such a bathochromic shift denotes, in general, a progressively increasing 
contribution of the quinoid-type structure to the resonance of the molecule 
and is encountered as one proceeds from hindered, through unhindered, 
biphenyl derivatives to fluorene derivatives (20). Thus, the structure of 
2-OH-7-AAF must have a greater quinoid character than AAF. The con- 
tribution of Compound B favors the conversion of 2-OH-7-AAF to 2,7-flu- 
orenoquinone monoacylimide (Compound C) under mild oxidizing condi- 
tions, This type of compound is highly reactive in addition reactions (21) 
and would undoubtedly condense with active hydrogen of protein side 
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chains in the manner characteristic of other quinones (22). Formation of 
a quinone would not be restricted to oxidation at carbon atom 7 of the 
fluorene ring but could also occur with other phenolic derivatives such as 
1-hydroxy-, 3-hydroxy- and 5-hydroxy- 2-acetylaminofluorene, which have 
been reported as urinary metabolites of AAF (18, 23). Another mechanism 
which would take account of the results of the present experiments would 
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Fig. 3. Proposed mechanism for the reactions involved in the interaction of fluo- 
rene derivatives with liver proteins. 
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Fic. 4. The ultraviolet absorption spectra of AAF (solid line) and 2-OH-7-AAF 
(broken line). The concentration of the compounds was 5 mg. per liter of ethanol. 
The spectra were taken with an automatically recording Beckman model DR spectro- 
photometer. The absorption maximum of AAF was at 288 my; that of 2-OH-7-AAF, 
at 293 mu. 


involve the interaction of proteins with a precursor of 2-OH-7-AAF rather 
than with a quinone derived from 2-OH-7-AAF. A likely precursor would 
appear to be a dihydrodiol. Thus, oxidation by the rat of an aromatic 
compound such as naphthalene yields 1 ,2-dihydroxy-1 ,2-dihydronaphtha- 
lene, which is converted metabolically to 1-naphthol (24). While no 
dihydrodiols of fluorene or fluorene derivatives have as yet been discovered, 
the possibility would appear to merit consideration. 

The observation that an aromatic amine, substituted with a benzoyl 
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group as in BAF, is hydrolyzed to the free amine appears to be without 
precedent, although the occurrence of this hydrolysis has recently been 
claimed (25). One enzyme which is capable of removing benzoyl groups 
is hippuricase (26). However, the activity of this enzyme appears to be 
restricted to the hydrolysis of substituted aliphatic amines, since it does 
not act on benzanilide (27). It is therefore unlikely that hippuricase would 
deacylate BAF. It would seem more probable that BAF is hydrolyzed by 
the enzymes in rat liver which act on AAI, DAAEF (2, 28), or other N-flu- 
orenyl amides (29). Evidence had been presented previously which sug- 
gested that hydroxylation and deacetylation of AAF are carried out by 
different enzymes (1). The present experiments indicate that the nature 
of the substituent on AF has a marked influence on the extent of deacyla- 
tion by liver slices, but has little or no effect. on the rate of hydroxylation. 
These results strengthen the view that hydroxylation and deacylation of 
fluorene derivatives are performed by separate enzymatic entities. 


SUMMARY 


Incubation of rat liver slices with 2-acetylaminofluorene-9-C™ or 2-ben- 
zoylaminofluorene-9-C" resulted in progressive, irreversible labeling of liver 
proteins. Evidence is presented that the bound compound was a metab- 
olite and not the substrate. Simultaneous measurements of binding and 
of the formation of 2-hydroxy-7-acetylaminofluorene from 2-acetylamino- 
fluorene and 2-hydroxy-7-benzoylaminofluorene from 2-benzoylaminofluo- 
rene were made by means of radioactive tracer techniques. By the same 
method, the hydrolysis of 2-benzoylaminofluorene to 2-aminofluorene was 
also estimated. The data indicate that the extent of binding and of hy- 
droxylation, but not of deacylation, by rat liver are related, and the sug- 
gestion is made that an oxidized derivative interacts with proteins. Pos- 
sible mechanisms for the interaction are discussed. 
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SPECIFICITY STUDIES ON THE 6-MERCAPTOPYRUVATE- 
CYANIDE TRANSSULFURATION SYSTEM* 


By HILDEGARD FIEDLER anp JOHN L. WOOD 


(From the Division of Chemistry, University of Tennessee Medical Units, 
Memphis, Tennessee) 


(Iteceived for publication, June 6, 1955) 


‘The term “rhodanese” was adopted by Lang (1) to denote an enzyme 
ayalom that produces thiocyanate from cyanide, ‘Phiosulfate was the only 
dibetrate known to be a significant donor of the sulfur (1-4), We have 
reported that can serve also as a sulfa donor in the 
rhodanese syatem (5). In the present study, effects of modification of the 
substrate molecule on enzyme activity are deseribed, 

In recognition of the relationships between cysteme and #-mereapto- 
pyruvate, various cysteine derivatives have been tested as substrates for 
the 6-mercaptopyruvate-cyanide transsulfuration system. No derivative 
has been found to substitute for 6-mercaptopyruvate. 

Alterations in the preparation of the liver extract have revealed differ- 
ences in the behavior of thiosulfate and 6-mercaptopyruvate as substrates 
for rhodanese. ‘This supports the conclusion that rhodanese consists of 
two or more enzymes capable of promoting transsulfuration to cyanide. 

Crude liver extract exhibited thiosulfate desulfhydrase activity. This 
has been distinguished from thiosulfate transsulfurase by paper electro- 
phoresis. Sulfide ion is not a source of sulfur for thiocyanate formation 
by the rhodanese system and does not appear as an intermediate in the 
transsulfuration reactions. 


EXPERIMENTAL 
Materials 

Rat liver extract was prepared from acetone-dried powder as described in 
a previous publication (5). | 

Substrate Preparations—Ammonium £-mercaptopyruvate, synthesized 
according to Schneider and Reinefeld (6), had a melting point of 183° and 
crystallized from dilute ethanol either as colorless plates or as needles. 
This was called form A to distinguish it from a second form B, m.p. 207- 
210°, which was obtained when a saturated aqueous solution of ammonium 
B-mercaptopyruvate at pH 8.4 was allowed to evaporate at room tempera- 
ture. Form B crystallized from the solution as blunt needles. Nitrogen 
and sulfur analyses indicated it to be a monohydrate. Both the A and B 


* This work was supported by contract No. AT-(40-1)-1637 with the Atomic En- 
ergy Commission. 
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forms gave the same 2,4-dinitrophenylhydrazone, m.p. 163-165°, and hy- 
drazone, m.p. 124°, as reported in the literature (5-7), positive tests for 
the sulfhydryl group with sodium nitroprusside, and identical reactions 
with o-iodosobenzoic acid (8) and p-chloromercuribenzoate (9). The A 
form was more soluble in water and less soluble in ethanol than the form 
B. On paper chromatographs, with 77 per cent ethanol containing 0.2 per 
cent urea as the developing solvent, the Ry for form B was 0.35 and for 
form A 0.48. The pH of a 2 X 10M solution of form A was 5.5 and a 
solution of form B of the same ionic strength had a pH of 3.5. Infra-red 
analysis of form B in Nujol showed a distinct carbonyl band, which was 
missing in the spectrum of the corresponding A form. In keto-enol titra- 
tions with ethanolic bromine carried out according to the method of Meyer 
(10), form A reduced 2 equivalents of bromine while the B form reduced 
approximately 25 per cent more than was required for the sulfhydry] group 
alone. Form A also gave a green color with ferric chloride while the B 
form yielded first orange, then green. 

From its solubility behavior, the pH of an aqueous solution, the infra- 
red spectra, and the enol titration, the A form, m.p. 183°, would appear to 
be the enol isomer while form B is the keto isomer. 

This isomerism is somewhat similar to that described by Meister (11) 
for the a-ketosuccinamic acids. Conversion of form B into the enol isomer 
occurred in poor yield upon recrystallization from dilute ethanol solution. 
Partial conversion of A into the B form was observed during esterification 
or disulfide formation (12). 

Ethyl B-Mercaptopyruvate—A sample of ammonium £-mercaptopyruvate, 
form A, was suspended in 70 ml. of saturated ethanolic hydrogen chloride 
at room temperature. After 24 hours, the solution was filtered from am- 
monium chloride and the ester isolated in the usual manner. A crystalline 
solid was obtained after trituration of an oily residue with ether. After 
three crystallizations from ethyl acetate, the melting point was 140°; sulfur 
21.0 per cent, calculated, 21.6 per cent, cryoscopic molecular weight 153, 
calculated 148. Infra-red spectral analysis indicated enolization but no 
significant color was obtained with ferric chloride. Positive tests for sulf- 
hydryl groups were obtained with sodium nitroprusside and isoamy] nitrite 
and by enhancement of the absorption of p-chloromercuribenzoate at 250 
mu. The 2,4-dinitrophenylhydrazone of the ester was yellow and melted 
at 135-138° after three crystallizations from ethanol. The preparation 
was carried out in the cold under conditions which precluded hydrazide 
formation. The nitrogen content, 17.8 per cent, compared well with the 
theoretical value for the dinitrophenylhydrazone, 17.2 per cent, in contrast 
to 18.7 per cent for the hydrazide. The 2,4-dinitrophenylhydrazone de- 
composed with release of sulfide ion when subjected to acid or alkaline hy- 
drolysis. A solution of 400 mg. of ethyl 6-mercaptopyruvate, 700 mg. of 
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sodium bicarbonate, and 800 mg. of 2,4-dinitrofluorobenzene in 20 ml. of 
50 per cent ethanol was held for 2 days at room temperature. <A product 
crystallized in thin, yellow needles, m.p. 162—167°, after recrystallization. 
The sulfur content was 6.4 per cent as compared with the theoretical value 
of 6.7 per cent for ethyl 2-(2 ,4-dinitrophenoxy)-3-(2 ,4-dinitrophenylthio)- 
acrylate. ‘The derivative was hydrolyzed to the free acid, 2-(2 ,4-dinitro- 
phenoxy)-3-(2 ,4-dinitrophenylthio)acrylic acid, with dilute acid or 0.01 N 
ethanolic sodium hydroxide. ‘The free acid was also prepared from B-mer- 
captopyruvic acid and dinitrofluorobenzene in bicarbonate solution. The 
derivative melted at 190-195° when crystallized from dilute ethanol. Sul- 
fur and nitrogen analyses agreed with the theoretical values. 

Ammonium £,f'-dithiodipyruvale was prepared by oxidation of 6-mer- 
captopyruvate with iodine in absolute ethanol according to the procedure 
of Parrod (12). This yielded a yellow substance melting at 130° as com- 
pared with 100° as reported by Parrod. The corresponding 2 ,4-dinitro- 
phenylhydrazone melted at 190°. 

B-Thiolactic Acid—A solution of 500 mg. of ammonium #-mercaptopy- 
ruvate in 8 ml. of water at pH 7.5 was added dropwise at 10° or below to 
a mechanically stirred solution of 55 mg. of sodium borohydride in 2 ml. of 
water. The solution was then acidified with dilute hydrochloric acid and 
distilled in vacuo with several additions of methanol to remove boric acid 
as the methyl ester. A colorless oil was obtained which gave a strong test 
for sulfhydryl with alkaline sodium nitroprusside solution and was con- 
verted to the known 2,4-dinitrophenylthiolactic acid, m.p. 167—168°, by 
reaction with 2 ,4-dinitrofluorobenzene as described by Koelsch (13). 

Miscellaneous Compounds—2-Imino-4-thiazolidinecarboxylic acid, the re- 
action product of cystine and sodium cyanide, was prepared according to 
the method of Schéberl and Hamm (14). This procedure was adapted for 
the preparation of 2-amino-5 ,6-dihydro-1 ,3-thiazine-4-carboxylic acid from 
DL-homocystine and sodium cyanide. Cystine disulfoxide (15), cysteine- 
sulfinic acid (16), and 8 ,6’-dithiodilactic acid (17) were prepared according 
to published procedures. a,a’-Dihydroxy-y,7’-dithiodibutyric acid was 
made by treatment of pL-homocystine with barium nitrite and sulfuric 
acid according to the procedure of Westerman and Rose for the cystine 
analogue (17). The product was isolated as an oil. 


Enzyme Assay Methods 


Transsulfurase activity was determined by incubation of 84 umoles of 
compound to be tested as substrate with a suitable amount of liver prepara- 
tion and 28 wmoles of potassium cyanide in 2 ml. of 0.085 m phosphate or 
Bis! buffer. When phosphate buffer was used, the pH of 9.1 was obtained 


1An abbreviation for bis(hydroxymethyl)aminoethane (2-amino-2-methyl-1,3- 
propanediol). 
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by addition of dilute sodium hydroxide. After 15 minutes at 38°, the re- 
action was stopped by addition of 0.5 ml. of commercial formaldehyde as 
suggested by Sérbo (18), and the solution was diluted to5 ml. A suitable 
aliquot was added to 5 ml. of ferric nitrate solution prepared according to 
Goldstein (19), and the color values were read immediately in a Klett- 
Summerson colorimeter with a No. 52 filter. A standard curve was pre- 
pared from the test system with thiocyanate added and cyanide omitted. 

Thiosulfate desulfhydrase activity was measured on paper segments from 
electrophoretic separations. Each section was placed in the outer compart- 
ment of a Conway vessel together with 1 ml. of 0.15 mM phosphate buffer, 
pH 7.5, and 84 umoles of thiosulfate. After half an hour at room tempera- 
ture, hydrogen sulfide was released by addition of sulfuric acid. 

The sulfide was transferred to 1 ml. of 10 per cent cadmium acetate in 
the center compartment by diffusion and was determined iodometrically, 


Klectrophoretic Separations 


A solution of 11 mg. of lyophilized rat liver extract, which contained 5.3 
mg. of protein dissolved in 2 drops of 0.15 mM phosphate buffer (pH 7.4), 
was applied as a narrow band on a strip of Whatman No, | filter paper 
(32 * 4 em.) which had been equilibrated with the same buffer. The 
electrophoresis was carried out with an applied current of 3.2 to 4.0 ma. 
at 400 volts for 2 hours in a closed chamber which was cooled with ice. 
Several components were distinguishable under ultraviolet light. Mnzyme 
assays were carried out directly upon paper segments. Proteins on the 
paper zones which had the higher transsulfurase activity gave a noticeably 
stronger reaction with Millon’s reagent than did the proteins associated 
with the higher thiosulfate desulfhydrase activity. 

For transsulfurase activity measurements, the papers were cut length- 
wise into two strips, each 2 cm. wide. Segments 0.5 cm. long were placed 
in 2 ml. of 0.085 m phosphate buffer containing 210 umoles of sodium thio- 
sulfate and 140 umoles of potassium cyanide. The pH was adjusted to 9.1 
with sodium hydroxide at ice bath temperature and the system was then 
incubated for 15 minutes at 38°. The mixture was diluted with 25 ml. of 
95 per cent ethanol and the analysis continued as described above. 6-Mer- 
captopyruvate transsulfurase activity was measured in an analogous man- 
ner. 


RESULTS AND DISCUSSION 


The results in Table I establish substrate limitations of the 8-mercapto- 
pyruvate-cyanide transsulfuration system. Modifications of the substrate 
molecule such as esterification, removal of the carboxyl group, or reduction 
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of the a-keto group to hydroxy] destroy substrate function (Table I). Un- 
der the conditions used, the corresponding disulfide form yielded 23 per 
cent as much thiocyanate as the thiol acid. This might be accounted for 


TABLE I] 
Substrate Spectficity of Rat Liver B-Mercaptopyruvate Transsulfurase 


Substrate Thiocyanate produced 
per cent 
¢-Mercaptopyruvic acid, ammonium salt, form A......... 100 

6,6’-Dithiodipyruvic 23 
Ethyl 3.0* 
0 


0 
L-Cysteinesulfinate, 0 


2- Iminothiasolidinecarboxylic acid. 0 
carboxylic acidg..... 0 
acid............. 0.1 
0) 


System: 2 ml. of 0.085 m phosphate buffer, pH 7.4, substrate, 84 umoles of avail- 
able sulfur, enzyme preparation containing 1.8 mg. of protein, and 28 uymoles of po- 
tassium cyanide, The mixture was adjusted to pH 9.1 with sodium hydroxide and 
was diluted to 5 ml. with water. Incubation period was 20 minutes at 38°. The 
enzyme activity was stopped by addition of 0.5 ml. of commercial formaldehyde solu- 
tion. Blanks contained the same mixture excepting cyanide. A 1 ml. aliquot of the 
incubation mixture was added to 5 ml. of Goldstein’s ferric nitrate solution and the 
color values were read immediately in a Klett-Summerson colorimeter with a No. 
52 filter. The amount of thiocyanate produced was calculated by comparison with 
a standard curve obtained similarly. 

* After 4.5 hours at pH 9.1, the ester yielded 14 per cent as much thiocyanate as 
8-mercaptopyruvate. 

t This compound may exist in tautomeric equilibrium with 6-thiocyanoalanine. 

t Prepared by Mr. L. S. Bradham. The compound may be tautomeric with 
a-amino-8-thiocyanobutyrate. 

§ Incubation carried out anaerobically. 


by partial reduction of the disulfide bond by other components of the liver 
extract. 

In a previous communication (5), we reported experiments with Lang’s 
rhodanese system in which the same amount of thiocyanate was obtained 
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from 6-mercaptopyruvate as from thiosulfate. In the absence of evidence 
to the contrary, it might have been inferred that the rhodanese system 
contains a single transsulfurase for cyanide. Subsequent studies in this 


TaBLeE II 
Effect of Amount of Enzyme upon Rhodanese Activity 
Thiocyanate produced 
Protein* 
84 42 pmoles S203s™ + 42 
mg. mg. meg. mg. 
0.50 0.53 0.53 0.67 
0.25 0.42 0.23 0.58 


* Protein was determined with the biuret method with an albumin standard. 


Liver extract was prepared as previously described (5). 
in water solution and then preserved in the frozen state for 3 days. 


It had been aged overnight 


The system con- 


tained liver extract as shown, 84 uwmoles of substrate, 28 wmoles of cyanide, and 2 
ml. of 0.085 mM phosphate buffer, pH 9.1. 


Incubation was for 15 minutes at 38°. 


III 


Effect of Storage on IKhodanese Activity of Liver Extracts 


Thiocyanate produced 
Preparation No. Time of storage 
A-Mercaptopyruvate 
days meg. mg. 
I 1 0.41 0.41 
4 0.41 0.56 
8 0.38 0.34 
II 0 0.48 1.39 
1 0.27 0.27 
7 0.12 0.27 
8 0.03 0.02 
III 0 0.29 
3 0.53 0.53 
IV 4 0.25 0.63 
20 0.48 1.28 


Assays were conducted with extracts containing 0.5 mg. of protein, 84 uwmoles of 
In Preparations I and II, Bis buffer was 


substrate, 28 umoles of cyanide at pH 9.1. 
used, in Preparations III and IV the buffer was 1 ml. of 0.15 m phosphate. 


and in another laboratory (4), however, have developed evidence that 
rhodanese includes a 8-mercaptopyruvate-cyanide transsulfurase which 1s 
distinct from thiosulfate-cyanide transsulfurase. 

Equivalence between thiocyanate produced from $-mercaptopyruvate 


4 
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and from thiosulfate (5) occurred usually with preparations freshly pre- 
pared from rat liver and assayed by the standard procedure. The equiva- 
lence was not sustained at all enzyme concentrations for one and the same 
preparation (Table II). When both substrates were incubated with crude 


mg. SCN~ per cm. SEGMENT. 


cm on PAPER STRIP. 


Fic. 1. Paper electrophoretic migration of thiosulfate and 6-mercaptopyruvate 
transsulfurases. The solid section represents 8-mercaptopyruvate; the barred sec- 
tion, thiosulfate transsulfurase activity. 


(+) 


liver extract, the thiocyanate yields were greater than with a corresponding 
amount of either alone. 

When fresh liver extract having similar rhodanese activity with either 
thiosulfate or B-mercaptopyruvate as substrate was aged in storage, the 
thiosulfate and 8-mercaptopyruvate transsulfurase levels were altered un- 
equally. Table III shows that, on standing, laboratory preparations have 
sometimes increased in transsulfurase activities and, at other times, de- 
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creased. Clarification of the circumstances under which these changes oc- 
cur doubtless will require further study of more highly purified prepara- 
tions. 

Commercial preparations of liver powder have been found in which one 
or the other activity was virtually lacking. Partly purified liver enzyme 
prepared according to the method of Cosby and Sumner? (20) produced 
only 17 per cent as much thiocyanate from $-mercaptopyruvate as it did 


04L 

0.3L TRANSSULFURASE 
ACTIVITY. 
Ou. 
uJ 
0.1 

ACTIVITY. 

0.5 |. | 
13 14 15 16 17 18 
(-) (+) 


cm. on PAPER STRIP. 


Fig. 2. Paper electrophoretic migration of thiosulfate transsulfurase and_ thio- 
sulfate desulfhydrase. 


from thiosulfate. A water extract of a commercial liver preparation’ con- 
tained B-mercaptopyruvate-cyanide transsulfurase activity, but exhibited 
no thiosulfate transsulfuration. 

Sérbo found that his preparations of thiosulfate transsulfurase migrated 
toward the anode at pH 5.4 (21). Fig. 1 presents a paper electrophoresis 
pattern at pH 7.4 in which the major part of the thiosulfate transsulfurase 
activity had migrated toward the cathode, whereas most of the 6-mercapto- 


2 Worthington Biochemical Corporation, Freehold, New Jersey. 
3 “Jayron powder,”’ Viobin Corporation, Monticello, Illinois. 
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pyruvate transsulfurase activity was found to have moved toward the an- 
ode. Subsequently, Sérbo (22) found that his crystalline enzyme isolated 
from a beef liver rhodanese system does not exhibit 6-mercaptopyruvate- 
cyanide transsulfurase activity. 

Sulfide ions were released when the liver rhodanese system was incubated 
either with thiosulfate or B-mercaptopyruvate. This provided competition 


TABLE IV 
B-Mercaptopyruvate Transsulfurase Activity in Desulfuration Enzyme System 
Thiocyanate produced 
Part No. 
mg. mg. mg. 
I 0.70 0.05 0.38 0.98 
0.44 0.06 1.0 1.24 
0.66 0.05 0.30 
0.10 0.03 0.16 
II 0.20 0 0.22 
0.60 0.05 0.60 
0.12 0.04 
0.32 0 0.40 


* ‘The control was a transsulfurase assay made on the same system at with. 
oul preliminary incubation to form the protem in sulfur complex, Part 1, 4.5 meg, 
of liver preparation necording to Meister, Fraser, and Tiee (7) and 44 pmolen of 
plus #4 pmoles of mercaploethanol incubated with 2 ml, of 
phosphate buffer, 7.5, for iminutes at ‘The precipitate was separated 
by contrifugation. ‘Transsulfurnase assays were carried out on enzyme fractions eon 
taining OF me. of protein (determined with trichloroacetic acid), The reaction 
mixture contained also 84 pmoles of A-mercaptopyruvate, 28 pmoles of cyanide in 2 
ml. of the phosphate buffer (0.085 mM, pH. 7.4) finally adjusted to pH. 9.1 with addition 
of sodium hydroxide. The incubation time was 15 minutes at 38°. Part II, the 
same conditions were used as in Part I, except that @-mercaptoethanol was not added 
until the completion of the desulfuration incubation. In a typical experiment, the 
elemental sulfur produced before 6-mercaptoethanol addition was 14.8 uwmoles as 
analyzed according to Guthrie (23) and Smythe (24). 


for the rhodanese substrate, since, as shown by Lang (1), sulfide ion is not 
a sulfur donor to cyanide.‘ Electrophoresis of the preparation on paper 


4We have confirmed this in experiments with crude liver extracts and with those 
treated with calcium phosphate gel. In experiments in which the transsulfuration 
was carried out strictly anaerobically, sulfide did not contribute any sulfur for thio- 
cyanate formation. Under aerobic conditions, sulfide produced thiocyanate up to 
14 per cent of that obtained from 6-mercaptopyruvate. This may be ascribed to 
oxidation of sulfide to elemental sulfur which reacts with cyanide to produce thio- 
cyanate. 
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(Fig. 2) separated protein fractions which acted as a thiosulfate desulfhy- 
drase but had little rhodanese activity. The production of hydrogen sul- 
fide from 8-mercaptopyruvate has not been established as a desulfhydrase- 
catalyzed reaction. The compound is unstable in solution and releases 
sulfide ion slowly at alkaline pH. Enzymatic desulfuration of 8-mercapto- 
pyruvate by crude liver extract should yield sulfide also as a result of the 
reaction between the free sulfur formed and the sulfhydryl compounds in 
the extract (7). 

Sérbo (4) reported a colloidal sulfur transsulfurase in crude liver extract, 
“rhodanese 8,” to be distinct from thiosulfate transsulfurase. It is pos- 
sible that this enzyme also acts upon sulfur released from 6-mercaptopyru- 
vate by means of the desulfuration enzyme described by Meister, Fraser, 
and Tice (7). They found that, when considerable amounts of liver ex- 
tract were incubated with 6-mercaptopyruvate at pH 7.5, a precipitate was 
formed. This consisted of a protein loosely bound to elemental sulfur. 
The precipitate held 70 per cent of the desulfuration activity which was 
regained when the precipitate was dispersed with @-mercaptoethanol (7). 
We have found the protein-sulfur complex to have little or no capacity to 
form thiocyanate from cyanide at pH 9.1, even in the presence of additional 
B-mercaptopyruvate substrate and with #-mercaptoethanol activation 
(Table IV). ‘Thus, an enzymatic desulfuration reaction with release of 
élemental sulfur does not appear to provide a mechanism for transsulfura- 
tion from f-mercaptopyruvate to cyanide as suggested by Sérbo (22), 


RUMMAIY 


Systematic modifientiona of the aca 
yielded no other compound which would produce thiocyanate enzymati 
cally in the “rhodanese” system of Lang, Present evidence indicates that 
the J-mercaptopyruvate transsulfurase is different from the thiosulfate 
transsulfurase. The transsulfurase is not de- 
pendent upon the enzymatic desulfuration reaction that forms elemental 
sulfur from #-mercaptopyruvate. Thiosulfate transsulfurase and a thio- 
sulfate desulfhydrase obtained from liver have been separated by electro- 
phoresis on paper. 
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METABOLISM OF NEOPLASTIC TISSUE 


IX. AN ISOTOPE TRACER STUDY OF GLUCOSE CATABOLISM 
PATHWAYS IN NORMAL AND NEOPLASTIC TISSUES* 


By CHARLES k. WENNER? SIDNEY WEINHOUSE 
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Most animal tissues contain enzymes which permit the catabolism of 
glucose via at least two pathways: one of these is the Embden-Meyerhof 
process, in which the hexose chain is cleaved symmetrically to trioses; the 
other is the oxidative pentose path, involving the oxidation of glucose- 
6-phosphate to 6-phosphogluconic acid, followed by oxidative cleavage to 
CO, and pentose phosphate (1-8). Estimations of the relative occurrence 
of these processes in animal tissues have been attempted by utilizing proce- 
dures based on the differential conversion of individual C'*-labeled glucose 
carbons to COs (9, 10). Such experiments have been conducted with liver 
(11-13), mammary gland (14), and hepatoma (15, 16). Conclusions de- 
rived from such experiments ave difficult to evaluate, however, because of 
the necessity of assumptions, the validity of which is uncertain, A critical 
evaluation of these methods of calculating the extents of glucose catabolisi 
pathways has been published (17). 

out laboratory another procedure is being employed for this purpose 
Which, we believe, provides a tiore direct, and hence a reliable, eati 
ination of these processes of glicose catabolian  Priefly summarized, if 
invelyes the simultaneous ineubation of tissue preparations with uniformly 
labeled, and with 2-, or G-labeled glicoses. Isolation and radioactivity 
assays of intermediates such as acetate, lactate, or related substances allow 
the calculation of the percentage of such intermediates formed via each 
pathway. ‘The assumptions underlying this method and the calculations 
have been described previously in its application to yeast (18), Pseudomonas 
fluorescens (19), and liver (20). In the present report this method has been 
extended to other non-hepatic tissues and to a variety of neoplastic cell 
types including some ascites tumors. 


* Aided by grants from the National Cancer Institute of the National Institutes 
of Health, the American Cancer Society, recommended by the Committee on Growth 
of the National Research Council, and the United States Atomic Energy Coimmis- 
sion, contract No. AT (30-1)777. 

t Present address, the Roswell Park Memorial Institute for Cancer Research, Buf- 
falo, New York. 
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Methods 


Uniformly labeled glucose was obtained from the Nuclear Instrument 
and Chemical Corporation and glucose-l-, -2-, and -6-C™ were secured 
through the kindness of Dr. H. 8. Isbell of the National Bureau of Stand- 
ards. These were obtained on allocation by the United States Atomic 
Energy Commission. 

The normal animals were young, adult, well nourished rats and mice 
from our stock colony. The tumors were obtained by subcutaneous im- 
plantation in the appropriate inbred mice, as described in previous publica- — 
tions (21, 22). Animals were decapitated with a cleaver or shears, and 
tissues were rapidly excised. Solid tumors were carefully examined and 
those with grossly visible necrosis were discarded. Solid tissues were sliced 
with the Stadie-Riggs slicer (23) and approximately 200 mg., suspended in 
2.8 ml. of Ringer-phosphate solution (24), were placed in a Warburg flask. 
Ascites cells were withdrawn with a heparinized syringe about 7 to 10 days 
after implantation, when a swollen abdomen and a large weight gain gave 
evidence of good growth of these cells. ‘The cell suspensions were centri- 
fuged at 3000 r.p.m. for 10 minutes at 5°, resuspended in 5 times their 
volume of Ringer’s solution, and recentrifuged, Suspension in Ringer’s 
solution and centrifugation were repeated, and the cells were finally sus- 
pended in times their volume of Kinger’s solution, of this suspen 
Hon, approximately tg. of packed cells, was added to 18 
phosphate solution ina Warburg Mask, substrate wae added, 
wid the volume brought to Por carbon dioxide absorption a filter 
paper roll, sonked with OF of 109 COy free sodium hydroxide, wae 
placed in the center well, After attachment to the manometers those Masks 
containing slices were Mushed and filled with oxygen, All Masks were 
equilibrated for 10 minutes at 38°, the manometer stop-cocks were closed, 
and the flasks were shaken 50 minutes longer (unless indicated otherwise 
in Tables L to TID). Dilute sulfurie acid was then tipped in from the side 
arm to stop the reaction and liberate the bound CO,. After shaking an 
additional 10 minutes to allow complete absorption of CO, by the alkali, 
the flasks were removed from the manometers, the filter paper and washings 
were transferred to a stoppered flask, sodium carbonate was added as car- 
rier, and the carbonate was precipitated by the addition of excess | M 
barium chloride solution. The precipitated barium carbonate was filtered, 
dried, and transferred to planchets for counting according to our standard 
procedure (21). 

Isolation of Zinc Lactate—The method is similar to that described by 
Brin (25). The contents of the Warburg flask were removed and brought 
to a volume of 5.0 ml. After centrifugation, the residue was washed with 
1 ml. of water and the supernatant fluids were combined. 3 ml. of 10 per 
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cent sulfuric acid solution, 6 ml. of a saturated solution of magnesium sul- 
fate, and 300 (sometimes 200) mg. of carrier zinc pL-lactate were added, 
and the mixture was continuously ether-extracted for 28 hours. The ether 
layer was evaporated, and the residual acids were taken up in water. Zinc 
carbonate was added to the aqueous layer until a color change was observed 
with methyl red. The solution was then boiled for 2 to 3 minutes, 0.1 gm. 
of activated charcoal (Carboraffin) was added, and the solution was boiled 
again and filtered to remove any undissolved zinc carbonate or adsorbed 
contaminants. ‘The solution was evaporated to a volume of 3 ml.; ethanol 
(95 per cent) was added until a slight turbidity was observed, and the so- 
lution was set aside in the refrigerator for 1 to 2 days at 4°. The crystal- 
line zinc lactate thus obtained was then washed with cold 95 per cent etha- 
nol and centrifuged. In order to obtain a uniform hydration, the crystals 
were heated to dryness under an infra-red lamp and allowed to come to 
equilibrium at room temperature. 

Approximately 80 per cent of the carrier lactate added was recovered. 
The zine lactate was recrystallized from 50 per cent ethanol and allowed 
to stand overnight at 4°. The zine lactate was recrystallized until the 
specific activity checked within 10 per cent of the previous activity; usually 
two or three reerystallizations sufficed, About 10 per cent is lost in each 
crystallization, ‘Phe zine lactate was ultimately oxidized with chromic 
oxide (26) and the COs, thus obtamed was collected in a glass bead column 
OG converted to barn carbonate, and counted aa 
planchete 75 eq. aren under a thin window Crier Maller 
and caleulationa were made exnethly aa 
previously (ZO 22), 

(ilucose wae determined by the anthrone method (27) and laetie vei 
according to Barker and Stmmerson (28). Chemical degradation of laetic 
acid for radioactivity assay of the individual carbons was carried out with 
chromic acid (29), under controlled conditions, to CO» and acetic acid, 
with subsequent degradation of the acetic acid via the Schmidt reaction 
(30). 

To minimize the possibility of a grossly incorrect result, duplicate flasks 
were used for each labeled sugar and carried through the whole procedure, 
including the isolation of zine lactate. Measurements generally agreed 
closely, and all of the values given in this paper represent averages of two 
values varying by at most 12 per cent. Relative specific activities were 
calculated and corrected as described previously (18, 20). 


Results 


Conversion of Labeled Glucose to Lactic Acid—In Table I data are pre- 
sented for experiments with two ascites tumors and slices of various solid 
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TABLE 


Normal and Neoplastic Tissue Slices 

The labeled glucoses (32 umoles), in a final concentration of 0.01 M, were incu- 
bated in duplicate vessels containing between 200 and 300 mg. of fresh tissue for 1 
hour at 37.5° with air as the gas phase for the ascites cells and oxygen for tissue 


slices. 


The reaction was stopped by the addition of dilute sulfuric acid. 


In order 


to facilitate recovery, 380 wmoles (for neoplastic tissues) and 760 umoles (for normal 
tissues) of sodium carbonate were added to the center well of the flasks, and 1340 or 


2010 zmoles of zinc lactate were added to the flask contents as carriers. 


In the ex- 


periment with heart slices, sodium lactate was added initially as a “‘trapping’’ agent 
in a final concentration of 0.003 m. 


Respiratory CO2 Lactate 
and Glucose-| Cor- Glucose-| Cor- C-3 | 
RSA |C¥con-| rected | RSA | C¥con-| rected 
verted | RSA verted RSA Meyerhof 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 
Neoplastic 
pmoles | per cent per cent per cent 
TA-3 ascites (mouse) 
Glucose-U-C'......... 12.3 | 1.25 | 4.88 1.19 | 47.9 
12.5 | 1.98 | 1.28 | 1.58 | 1.23 8.3 | 1.03 | 100 
Glucose-6-C'.. 11.7 | 0.94 | 0.61 | 0.75 | 1.18 7.9 | 0.99 | 100 
hrlich ascites (mouse) 3 
Glucose-U-C'* 6.6 A7 1.80 0.72 | 28.8 
Gilucose-1-C!* 6.4) 1.05] 0.67 | 2.22 | 0.70 4.7 | 0.98 
Glucose 67) 021] O18 | 0.44 
lthabdomy osarcoma 
(ilies 6h | O Om!) ORB] 2 1 ant 
Mammary  adenovarei 
noma 
(ilucose 6.1) 0.16 6.3 
Glucose 64/059) O:.87 | 1.18] 0.18 0.87 | 
Glucose 6.6) 0.16) 0.10 0.32 | 0.17 1.1 1.06 
Hepatoma 98/15 (mouse) 
.| 9.9 | 0.34 | 1.30 106 | 6.4 
9.6 | 0.43 | 0.28 | 1.29 | 0.107 | 1.1 1.00 100 
10.8 | 0.14) 0.09 | 0.41] 0.114] 1.1 1.07 93 
Sarcoma 37 (mouse) 
4.8 | 0.47 | 1.77 0.25 | 15.2 
Glucose-1-C™.......... 5.4 | 0.36 | 0.23 | 0.78 | 0.28 2.8 | 1.11 100 
Glucose-6-C'.......... 5.4 10.15} 0.10 | 0.32 | 0.25 2.5 | 1.0 100 
Hepatoma (rat) 
Glucose-U-C'*......... 0.56 | 2.13 0.31 | 18.6 
Glucose-1-C'.......... 7.2 | 0.57 | 0.36 | 1.01 | 0.27 2.7 | 0.87 87 
Glucose-6-C™.......... 6.3 | 0.19 | 0.12 | 0.34 | 0.33 3.3 | 1.07 93 
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TABLE I—Concluded 


Respiratory Lactate 
ond eubetentes Glucose-| Cor- Glucose-| Cor- C-3 
RSA | C'con-/ rected| RSA | rected 
verted RSA verted RSA Meyerhof 
(1) (2) (3) (4) (S) (6) (7) (8) (9) 
Non-neoplastic 
umoles | per cent per cent per cent 
Brain (rat) 
Glucose-U-C'*#......... 18.7 | 1.45 | 11.0 0.51 | 30.6 100 
Glucose-1-C*.......... 18.5 | 1.05} 1.33 | 0.73 | 0.55 5.5 | 1.08 
Kidney (rat) 
27.0 | 1.02 | 7.8 0.113 4.5 100 
Glucose-1-C!*.......... 27.5 | 0.99 |} 1.25 | 0.96 125 | 0.83 | 1.10 
28.7} 1.02) 1.30} 1.0 
Glucose-6-C'.......... 27.5 | 0.83 | 1.05 | 0.81 
Heart (rat) 
14.41 0.43 | 3.3 0.025 | 1.5 
Glucose-1-C*.......... 14.4 | 0.37 | 0.47 | 0.86 | 0.021 | 0.21 | 0.84 84 
14.4 | 0.32 | 0.40 | 0.75 


tumors and normal tissues. In all experiments oxygen consumption (Col- 
unin 2) was high; the values, given in micromoles, correspond to Qo, values 
ol4tol5, Aerobie glycolysis was likewise appreciable in all tissues, though 
highly variable (Column 7), 1b was highest i the ascites tumors and low- 
eatin heart, Methods of caleulation will be illustrated by a detailed de- 
scription of the first experiment, with the TAS ascites tumor, 

In this experiment the relative specific activity (RSA) of the lactate 
(Column 6) was 1.23 with glicose-1-C' as substrate, 1.18 for glicose-6-C", 
and 1.19 for uniformly labeled glucose (glucose-U-C'™), By dividing the 
RSA of lactate from a specifically labeled glucose by the RSA of lactate 
from uniformly labeled glucose there is obtained a corrected RSA (Column 
8) which is independent, of the endogenous lactic acid production, and which 
represents the specific activity the lactic acid would be assumed to have if 
there were no source of lactate other than the labeled substrate. From 
previous considerations (20) it was pointed out that the corrected RSA 
reflects the extent of the Embden-Meyerhof process. Thus, a corrected 
RSA of approximately 1.0 for lactate from glucose-1-C" is indicative of an 
essentially exclusive occurrence of the Embden-Meyerhof process. A simi- 
lar corrected RSA of unity for lactic acid from glucose-6-C" is further 
support for a symmetrical cleavage of the hexose chain. Within the error 
of the measurements, there was no preferential utilization of any individual 
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glucose carbons for lactic acid formation such as would occur with the 
operation of the oxidative pentose path. 

In experiments with the other tumors the extent of the Embden-Meyer- 
hof process for lactate formation, calculated in the same manner, was in- 
variably at 90 per cent or above (Column 9). Clearly, a symmetrical 
cleavage process is overwhelmingly predominant in glucose catabolism in 
the tumors under study. In every neoplastic tissue studied, calculations 
made from data obtained with glucose-6-C™ agreed, as closely as could be 
expected from the nature of the experiments, with data obtained with 
glucose-1-C'*. This finding provides support for the belief that the under- 
lying assumptions of this procedure are sound, and that the values obtained 
give a reliable indication of the mode of triose formation from glucose in 
these tissues.' In view of the relatively large error inherent in these ex- 
periments, they are regarded, however, only as good approximations; the 
observed differences from 100 per cent in Column 9 cannot of themselves 
be regarded as a quantitative indication of the occurrence of the oxidative 
pentose path or necessarily as deviations from an exclusive occurrence of 
the Embden-Meyerhof process. ‘They merely indicate to us that this proc- 
ess is highly predominant, and that the oxidative pentose path can only 
be relatively minor in comparison. 

The three normal tissues listed in Table I had a higher respiration rate 
than the tumors, and, as anticipated, only brain tissue had an aerobic 
glycolytic rate comparable with that of the tumors. ‘The corrected RSA 
values for brain and kidney indicate that essentially all of the lactic acid 
must have been derived via the Iimbden-Meyerhof process. ‘The actual 
values of somewhat greater than | for the RSA values are probably due to 
experimental error, and the difference from unity is not regarded as signifi- 
cant, 

Ini heart slices no appreciable quantity of lactic acid accumulates; hence 
the expedient was employed of adding a “pool” of unlabeled lactate mite 
ally to “trap” metabohe lactate, Under these circumatances a relatively 
aiall amount of glucose carbon was trapped as lactate; ite corrected RSA 
indicated that 84 per cent was derived vin the limbden-Meyerhof process. 

COs Formation——Further information concerning the pattern of glucose 
catabolism is provided from the respiratory CO, data in Table I. Again 
the first experiment, with the TA-3 ascites tumor, will be used as an exam- 
ple in illustrating methods of calculation. ‘The respiratory CO, from glu- 
cose-U-C™ which, with the added carrier carbonate, amounted to 390 


1In several experiments, to be reported separately in connection with tissue 
homogenates, samples of lactic acid derived from glucose-1-C'* were degraded chemi- 
cally according to standard procedures (29, 30). As was anticipated, more than 
95 per cent of the activity was in the B-carbon. 
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umoles, had an RSA of 1.25 per cent. This corresponds to (1.25 X 390)/- 
100 = 4.88 microatoms of glucose carbon and represents (4.88 X 100)/32 x 
6 = 2.6 per cent of the 32 umoles of labeled glucose added as substrate. 
The COz from glucose-1-C™“ had an RSA of 1.98 per cent, corresponding to 
the complete oxidation of (1.98 X 390)/100 XK 6 = 1.28 microatoms of 
glucose carbon 1, and represents (1.28 X 100)/32 = 4.0 per cent of the 
amount added. Similarly calculated, 0.61 microatom of glucose carbon 6 
was oxidized, representing 1.9 per cent of the amount added. It is clear 
that more than twice as much carbon 1 was oxidized as carbon 6 (1.28/- 
0.61 = 2.1). Since the average oxidation of all six glucose carbons was 
4.88/6 = 0.81 microatom, the oxidation of carbon 1 was 1.28/0.81 = 1.6 
times the average. Thus, there is a preferential utilization of carbon 1 for 
CO, formation, an observation which, on the basis of our present knowl- 
edge of glucose catabolism, must be due to the occurrence of the oxidative 
pentose path.? Examination of the data for the other tissues in Column 4 
reveals that in all but one tumor (the rhabdomyosarcoma) considerably 
more glucose carbon 1 than carbon 6 was oxidized to COz. It may be con- 
cluded that the oxidative pentose pathway operates in tumor tissues gener- 
ally. An approximation as to the magnitude of the occurrence of this 
process may be made as described in the next section. 

Calculation of Glucose Oxidized to COz in Tumors via Embden-Meyerhof 
and Non-Embden-Meyerhof Paths—¥ rom Column 9 it is evident that essen- 
tially all of the lactic acid arose via the Embden-Meyerhof path. Thus it 
is highly probable that all of the glucose carbon 6 that underwent oxidation 
to COs passed through triose, pyruvate, and the citric acid cycle. The 
fact that carbon 6 was oxidized to a lesser extent than the average of the 
other glucose carbons can be readily explained on this basis, since glucose 
carbon 6 should yield acetate methyl carbon, whieh is retained through 
successive rounds of the eyele, Ti we thus assume that all of the glacose 
carbon 6 oxidised to CO, underwent cataboliin via the Meyerhot 
process, af least 6 tines this amount of total glicose carbon should have 
heen oxidized vin the Meyerhof process, ‘This means that at 
6 = 3.66 mieroatome out of the total of 4.88 microatomea, or (4.66 
100) /4.88 = 75 per cent, followed the Embden-Meyerhof path. One can 
assume, as an approximation, that the difference, 7.¢. 25 per cent, represents 


* Tt must be pointed out that, whereas a preponderance of glucose carbon 1 oxida- 
tion is indicative of the operation of the pentose path, the converse is not true, and 
a C-1:C-6 ratio in CO» of unity or below is not necessarily indicative of the absence 
of this pathway. It is obvious that, if sufficient time is allowed for oxidation, or if 
the oxidation of glucose carbons 2 to 6 is rapid compared with the initial decarboxyla- 
tion of 6-phosphogluconic acid, a ratio of unity will be obtained regardless of the 
extent of participation of the pentose path. 


406 METABOLISM OF NEOPLASTIC TISSUE. IX 


glucose oxidation via non-Embden-Meyerhof paths and we may call this 
the maximal non-Embden-Meyerhof glucose oxidation. However, a closer 
representation of the non-Embden-Meyerhof glucose oxidation, probably 
a minimal value, may be had from the following considerations. If 0.61 
microatom of glucose carbon 6 was oxidized via the Embden-Meyerhof 
process, then an equal amount of glucose carbon 1 must likewise have been 
oxidized via the Embden-Meyerhof path, leaving 1.28 — 0.61 = 0.67 
microatom of glucose carbon 1 to be oxidized via non-Embden-Meyerhof 
paths. This represents (0.67 X 100)/4.88 = 14 per cent of the total. 
Thus, in this experiment the non-Embden-Meyerhof glucose oxidation con- 
stituted somewhere between 14 and 25 per cent of the total glucose oxida- 
tion. The fact that as much as 14 per cent of the total glucose carbon 
was oxidized via a non-Embden-Meyerhof process might at first glance be 
construed as contradictory to the lactic acid data, which indicated that 
essentially all of the glucose was catabolized via the Embden-Meyerhof 
process. However, it will be noted from Column 7 of Table I that no less 
than 47.9 microatoms of glucose carbon were converted to lactic acid, an 
amount 10 times that oxidized to CO2. Taking this into consideration, 
we can make the following tabulation for this experiment. 


Amount in Per cent 
microatoms of total 
Glucose carbon to lactate via Embden-Meyerhof........ 47.9 91 
“ CO:z via Embden-Meyerhof........... 3.7 7 


Of the total glucose carbon undergoing catabolism, either to lactic acid 
or to COs, not more than about 2 per cent could have followed the oxida- 
tive pentose path. 

Similar calculations have been tiade for the other experiments im ‘Table 
I, and the results ave listed in ‘Vable all of the neoplastic tissues 
atudied, lactic acid accounted for over 75 per cent of the ghicose catabo 
lived, essentially all of which must have followed the Hmbden:Meyerhot 
path, In only one tumor, v2. the solid mammary carcinoma, did 


* These estimations de not, of course, take into consideration any glucose which 
may have undergone metabolism not involving the formation of CO, or of 3-earbon 
compounds convertible to lactic acid. It is improbable that any such fraction is 
very great, at least for the ascites tumor, since, as shown in Fig. 1, during early 
periods of incubation nearly all of the glucose which disappears can be accounted 
for as lactic acid and CO». 
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the total glucose catabolism via the Embden-Meyerhof process fall below 
90 per cent. Maximal and minimal values for non-Embden-Meyerhof glu- 
cose oxidation ranged from 0 to 16 per cent. In view of the approximate 
character of these measurements the significance of the actual calculated 
values is uncertain. It is recognized that the values so calculated are only 
gross approximations. ‘They have value, however, in indicating that non- 
Embden-Meyerhof paths cannot account for a Jarge share of the glucose 
catabolism, but that some is undoubtedly so catabolized in these cancer 
tissues. 


TaBLeE II 


Evaluation of Embden-Meyerhof Pathway in Glycolysis and Oxidation 
of Glucose in Normal and Neoplastic Tissues 


Per cent of catabolized glucose carbon converted to 
Carbon dioxide of 
oxygen u 
91 7 2 1 40 
Ihrlich 94 2 3 1 27 
Rhabdomyosarcoma........... S4 13 2 0 20 
Mammary, TA-3 solid......... 77 7 16 4 31 
Hepatoma 98/15 .............. 83 8 9 2 13 
90 3 7 1 26 
90 4 6 1 37 
ES 37 51 12 2 29 
Heart....... 31 50 19 2 23 


* See the text for explanation, 


Ovation of Labeled Glucoses to COs in Non- Neoplastic Tissues Similar 
Calculations have been made for the three noriial tissues studied, and the 
resulls are also listed in Table Brain was the only tissue which pro 
dived lactic acid atl tates comparable to those of the more active tumors. 
Mines data were not obtained with ghicose the same detailed analyse 
was not possible, However, on the basis of the corrected REA of 1.08, 
and the facet that COs from glicose carbon | was less than one-sixth that 
from all six carbons, it was assumed that essentially all of the ghicose was 
converted to CO, via the Embden-Meyerhof process. A more detailed 
study of glucose catabolism in brain is now under way. 

In kidney and heart a much greater proportion of the catabolized glucose 
underwent oxidation to CO», associated with relatively lower aerobic gly- 
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colysis. In heart slices, lactic acid formation would have been negligible 
if unlabeled lactate were not added to “trap”? metabolic lactate. This 
factor probably also resulted in a lower oxidation of glucose to COz, owing 
to competition by the added lactate. On the whole, aside from the dimi- 
nution in lactic acid, the pattern of glucose catabolism in these non-neo- 
plastic tissues resembled that of the tumors in that little, if any, glucose 
appeared to undergo catabolism via processes other than the Embden- 
Meyerhof. 

These data show how an entirely misleading conclusion might have been 
drawn from CO, data alone. On the single basis of radiochemical yield 
of CO, from glucose-1-C™ and glucose-6-C"™ one might have concluded that 
non-Embden-Meyerhof processes were predominantly responsible for glu- 
cose catabolism in these neoplastic tissues, whereas the data clearly indi- 
cate that the bulk of glucose molecules followed the Embden-Meyerhof 
path. However, the data obtained with normal tissues in this study are 
in good agreement with those of Bloom (31), in which a C-6:C-1 ratio of 
glucose carbon in CQO, of close to unity was regarded as indicative of the 
preponderant occurrence of the Embden-Meyerhof path in brain, kidney, 
and heart. 

Endogenous Respiration—In the last column of Table II there is recorded 
that portion of the oxygen consumption which can be attributed to the oxi- 
dation of glucose. In the first experiment of Table I, for example, the 4.88 
microatoms of glucose carbon oxidized to CO: would have required 4.88 
umoles of the total of 12.3 wmoles of consumed oxygen on the basis of the 
over-all equation, + 602 — 6CO2 + This represents 
(4.88 & 100)/12.3 = 40 per cent of the total oxygen consumed. It is clear 
that even in the presence of a relatively high concentration of exogenous 
- glucose a major portion of the respiratory carbon dioxide is derived from 
endogenous carbon sources. The nature of this endogenous respiration is 
now under investigation. On the basis of experiments now under way’! it 
can probably be attributed largely to oxidation of fatty acids. 

Time-Course of Glucose Catabolism in Ascites Tumors—Several experi- 
ments on the time-course of respiration and glycolysis in the ascites tumors 
were conducted, and the results are presented in ‘Table TILT, Aliquots of 
ascites cells were incubated at various times and each was analyzed sepa 
rately, Aa observed previously, the Mmbden- Meyerhot process wan 
dominant in both aseites tumors and its extent at 90 to LOO per cent war 
eatontially the same over the whole range of time, from 30 minutes to 4 
hours, A notable feature of these experiments was the rapid glycolysis, 
which reached almost the maximum in t hour and remained almost con- 
atant thereafter. In the first experiment, with the TA-3 ascites cells, the 


* Weinhouse, 8., and Medes, G., unpublished data. 
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oxygen uptake doubled during the 2nd hour, the conversion of glucose to 
CO. almost tripled, and glucose disappearance increased 60 per cent, but 
lactic acid increased only 13 per cent. Similarly in the second experiment, 
with the Lettré tumor, between the Ist and 3rd hours oxygen uptake and 
CO. production almost tripled, whereas lactic acid increased only 16 per 
cent. After the rapid surge of glycolysis, the lactic acid level remains con- 


TaBLeE III 
Effect of Time on Extent of Glucose Catabolism via 
Embden-Meyerhof Pathway in Ascites Cells 
The experimental procedures were the same as those described in Table I, except 
that the incubation time was varied as listed below. 


as substrate as substrate P 
Glucose 
Tissue Thee Glucose- | Glucose-|_ Zinc | co, ve 
ance u-cu | U-C™ | lactate,’ for glucose 
oxidized |verted tol rected | Tected| Omidation 
lactate | RSA 
min. | pmoles | wmoles — — per cent per cent 
TA-3 ascites 0 
45 9.8} 6.3] 2.26] 59.8 | 0.88 | 1.8 88 36 
60 | 10.0} 7.3 | 2.45] 63.7 | 0.88 | 2.0 88 34 
120 | 16.3 | 14.8 7.0 71.7 | 0.92 | 1.6 92 47 
240 | 18.8 | 17.1*| 8.1 84.4 | 0.99 | 1.7 99 47 
Lettré-Ehrlich 0 
ascites 30 3.8] 6.1 1.45 | 40 0.97 47 97 24 
60 8.0 | 12.6 4.35 | 51 0.91 | 1.15 91 35 
120 | 17.5 | 23.4 | 10.8 56 0.90 | 1.19 90 46 
210 30.0 | 21.0 54 
240 | 23.1 | 44.3 | 26.6 59 0.96 | 1.12 96 60 


*The oxygen consumption in this experiment followed a linear course for at 
least 2 hours, but then declined markedly. This decline may have been due to ex- 
haustion of the substrate or to a change in the pH to a suboptimal value owing to the 
very large amount of lactic acid. These factors are now under further study, 


stant, ‘The fact that glucose disappearance as well as conversion to CO, 
remains sleady or increases during this time indicates that lactic acid or 
precursor thereol may be undergoing oxidation as rapidly as it in be- 
ing formed, After SO minutes the ratio of glucose carbon meorpornted 
into lactic acid to that ite CO, was 27, whereas after 4 hours it had de- 
creased to 2.2, 

In both experiments a corrected RSA of the CO, of greater than unity 
signified that some glucose was being catabolized via non-Embden-Meyer- 
hof pathways, the amounts being of the order found in the experiments of 
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Table I. The preponderance in oxidation of glucose carbon 1 was main- 
tained during the entire 4 hour incubation period, but in the second experi- 
ment the difference was minimized with increasing time. 

The time-course of glucose metabolism is made further apparent in Fig. 
1, in which data on the experiment with the Lettré-Ehrlich tumor are pre- 
sented graphically. During the early stages, the disappearance of glucose 
is almost entirely accounted for by lactic acid formation, during which time 
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Fic. 1. Glucose catabolism with time in Lettré-Ehrlich ascites tumor cells. The 


values are given in microatoms of glucose carbon, except for oxygen uptake which is 
given in micromoles. 


glucose oxidation to CO, represents a negligible proportion of the glucose 
which disappeared. After | hour, lactic acid formation and glucose oxida- 
tion made up together (50 + 5)/60 = 92 per cent of the glucose utilized. 
The proportion of glucose unaccounted for steadily increased, however, 
and at 4 hours lactic acid formation accounted for 60/125 = 40 per cent 
and COs, 25/125 = 20 per cent of the glucose utilized, leaving 30 per cent 
unaccounted for, ‘Though the fate of thin unaccounted glucose in as yet 
unknown, a likely possibility in that it in converted to protein, 

It in of interest to note, as shown in the last column of ‘Table 
that, with increasing time of incubation, an increasingly greater share of 
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the oxygen consumption was utilized for the oxidation of the exogenous 
glucose. In the second experiment, for example, this increased from 24 
per cent during the first half-hour to 60 per cent for the entire 4 hour period. 
Obviously, oxidation of glucose carbon must have supplied nearly all of the 
respiratory fuel during the latter period of incubation when, presumably, 
endogenous metabolites were depleted. 


DISCUSSION 


Data for glucose catabolism pathways in non-neoplastic tissues, obtained 
in this study on the basis of the specific activity of lactic acid, are in good 
accord with previous studies, based on COz measurement data (9, 10), in 
indicating that the Embden-Meyerhof pathway represents the preponder- 
ant means of glucose catabolism in the intact rat. Thus far, only liver 
(11, 20) and mammary gland (14) have been observed to utilize the oxida- 
tive pentose path. This is somewhat at variance with the implications of 
a comprehensive survey of animal tissues by Glock and McLean (382). 
These investigators found enzymes of the oxidative path in a wide variety 
of normal and neoplastic cell types. Apparently, this system does not 
necessarily function in tissues to an extent commensurate with their en- 
zymatic equipment. While this work was in progress, Bernstein et al. (33), 
in a study of C" distribution in glycogen synthesized by rats in the pres- 
ence of bicarbonate-C'™, observed an essentially symmetrical distribution 
of C“ in carbons 3 and 4 and pointed out that the operation of the ‘‘pen- 
tose’? cycle would yield hexose phosphate, and hence glycogen, with activ- 
ity in positions 1 and 2 in addition to positions 3 and 4. The observed 
distribution was thereby regarded as indicative of the minor occurrence of 
the pentose cycle. Recently, Marks and Horecker (34) made similar ob- 
servations with respect to distribution of fixed C'QOz in rat liver glycogen. 
When NaHCO; was administered to liver slices of fasted rats in vitro, the 
C' distribution in glycogen was entirely symmetrical, with >95 per cent 
of the activity in glucose carbons 3 and 4; in liver slices of fed rats, the dis- 
tribution was similar, but about 25 per cent more was present in carbon 4 
than in carbon 3. This was reasonably attributed to a lack of equilibra- 
tion between the labeled glyceraldehyde phosphate arising via COg fixation 
and the mixture of unlabeled triose phosphates arising by glucose catabo- 
lism. ‘The lack of appreciable activity in carbon 2 was taken to indicate 
that the pentose cycle operates to only a minor extent. 

However, these data do not exclude the operation of a partial pentose 
eyele, which may be interrupted by abstraction of pentose for nucleotide 
Wynthesis or by the removal of “diose” unite for the synthesis of glycine 
($5, 36), and are thus not necessarnly in confhet with the occurrence of a 
hon Minbden-Meyerhof process of glucose catabolim observed by ua (20) 
and by Bloom (37) in rat liver, Previous studies by ua (20), using the 
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same procedure employed here, indicated that about 0 to possibly as much 
as 50 per cent of the glucose catabolized by rat liver occurred via a non- 
Embden-Meyerhof path. It was stated that the variability in the results 
may be due to lack of control of some as yet undisclosed factor. Recently, 
Glock and McLean (38) have shown that the activities of glucose-6-phos- 
phate dehydrogenase and 6-phosphogluconic dehydrogenase of rat liver 
are markedly affected by dietary or hormonal conditions. Clues to the 
nature of other factors which may regulate the relative participation of 
alternative pathways of glucose breakdown are being sought in experiments 
now under way with cell homogenates.’ Until such factors are better eval- 
uated, the isotope tracer data, which are at best considered only to yield 
good approximations, are not to be regarded as giving anything more than 
a rough indication of the magnitudes of these processes. 

Recently, Abraham e¢ al. (16) compared mouse liver and hepatoma slices 
with regard to the yield of CO. from glucose labeled uniformly and in 
carbons 1 and 6. They concluded that the oxidative pentose path occurs 
in the tumor but not in the liver. Our present results clearly indicate that 
any conclusions, based solely on COz incorporation data, may be mislead- 
ing with respect to glucose catabolism pathways. Though we also ob- 
served a greater yield of glucose carbon 1 than of carbon 6 in CQOz, in the 
tumors studied here, the high lactic acid production, derived via the 
Embden-Meyerhof process, left no doubt of the predominance of this path- 
way. In summary, our data, obtained on the basis of experiments with 
seven tumors, demonstrate the occurrence, to a minor extent, of an oxida- 
tive process in which glucose carbon 1 is preferentially oxidized to COs, 
but they also clearly show that catabolism of glucose via a symmetrical 
cleavage mechanism is overwhelmingly predominant. 

Experiments on the time-course of lactic acid production in the ascites 
tumors reveal that the aerobic glycolysis is highly dependent on the ex- 
perimental conditions. As shown in Table II and Fig. 1, lactic acid is 
apparently a transient intermediate, which is formed very rapidly, and 
subsequently is converted to CO: and other substances. Obviously, with 
this tissue at least, a high or low aerobic glycolysis could be obtained at 
will, depending on the concentration of glucose and the time allowed for 
incubation. These observations suggest a possible need for a reappraisal 
of much of the glycolysis data on tumors with attention being given to the 
experimental conditions affecting glycolysis and oxidation of glucose. 


SUMMARY 


Slices of non-neoplastic tissues of the rat and solid tumors and suspen- 
sions of ascites cells of the mouse were incubated aerobically with glucose 


* Wenner, C. and Weinhouse, 8., to be published. 
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labeled uniformly in all positions or in carbon 1 or 6. Lactic acid and 
respiratory CO2 were collected and assayed for radioactivity. With all 
tissues (including normal brain, heart, and kidney), carbons 1 and 6 of 
glucose were incorporated equally in lactic acid, indicating that essentially 
all of the lactic acid was formed by a “symmetrical” cleavage of the hexose 
chain. However, a preponderance of glucose carbon | in the respiratory 
CO, over glucose carbon 6 clearly demonstrated a preferential oxidation of 
glucose carbon 1 in all of the tumors (but not in the normal tissues) studied. 
It was calculated that under the conditions employed from 77 to 94 per 
cent of the total glucose undergoing catabolism in tumors either to lactic 
acid or COz was converted to lactic acid. It was roughly estimated that 
most of the respiratory CO: arose via the Embden-Meyerhof process and 
the citric acid cycle, but that a small, though definite, quantity arose by 
direct cleavage of carbon 1 from the hexose chain. ‘Time-rate studies with 
the ascites tumors indicated that lactic acid is a transient intermediate; it 
is formed rapidly and subsequently undergoes conversion to CO2 and other 
substances. 
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GLUCOSE-6-PHOSPHATASE AND PHOSPHORYLASE 
ACTIVITIES IN MICE BEARING CORTICOTROPIN- 
SECRETING TUMORS* 


By KENNETH H. SHULL,f GEORGE CAHILL, Jr.,t 
EVELYN L. GADSDEN, anp JEAN MAYER 


(From the Department of Nutrition, Harvard School of Public Health, 
Department of Biological Chemistry, Harvard Medical School, and 
Children’s Cancer Research Foundation, Boston, Massachusetts) 


(Received for publication, March 1, 1956) 


The activity of hepatic glucose-6-phosphatase, the enzyme catalyzing 
the conversion of glucose-6-phosphate to glucose, has been measured under 
normal conditions as well as in a number of situations in which carbohy- 
drate metabolism is disturbed. Cori and Cori (1) found an almost com- 
plete absence of this enzyme in the livers of two fatal cases of von Gierke’s 
(glycogen storage) disease and levels below normal in four surviving sub- 
jects. Ashmore et al. (2) and Langdon and Weakley (3) have demon- 
strated that the activity of glucose-6-phosphatase is greatly increased in 
the livers of rats made diabetic by alloxan. The activity of this enzyme 
could be brought toward normal by the administration of insulin in vivo 
but not by the addition of this hormone in vitro. Both of these groups of 
workers, as well as Weber and Cantero (4), reported an increase in this 
enzyme per gm. of tissue in the fasted animal, a condition in which the 
carbohydrate metabolism is similar to that in the diabetic state. In sub- 
sequent experiments by Weber et al. (5) and Ashmore e¢ al. (6) the hor- 
monal regulation of glucose-6-phosphatase has been studied. Weber and 
colleagues found that the administration of cortisone to rats in vivo caused 
a 49 per cent increase in the hepatic glucose-6-phosphatase per unit weight 
of wet liver. Ashmore and coworkers found that diabetic, adrenalecto- 
mized rats had normal liver glucose-6-phosphatase activity. The admin- 
istration of 17-hydroxycorticosterone in vivo increased, while insulin ad- 
ministration decreased the activity of this enzyme. In contrast, Langdon 
and Weakley observed only unimpressive increases in hepatic glucose- 
6-phosphatase in rats treated with cortisone or adrenal cortical extracts. 


* Supported in part by grants-in-aid No. A-49 and No. C-2259 of the National In- 
stitutes of Health, Public Health Service, and by the Sugar Research Foundation, 
New York, the Kellogg Company, Battle Creek, Michigan, and the Nutrition Foun- 
dation, Inc., New York. 

t Postdoctoral Fellow, National Heart Institute, National Institutes of Health, 
Bethesda, Maryland. 

t Fellow in the Medical Sciences of the National Research Council (the Rocke- 
feller Foundation). 
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Because of the important position occupied by glucose-6-phosphatase in 
the regulation of blood sugar it would be of value to assay the effect of the 
normally secreted adrenocortical hormones on the activity of this enzyme. 
It would also be of interest, in view of the reported effects of exogenous 
adrenocortical hormones on glycogen storage, to assay the effects of the 
endogenous adrenal corticoids on the levels of liver glycogen and phos- 
phorylase. The experiments performed on mice grafted with corticotropin 
(ACTH)-secreting tumors were designed with this purpose in mind. Mice 
which bear transplanted pituitary tumors which were radiation-induced 
were first described by Furth and colleagues (7, 8). These workers found 
that three transplantable tumor strains of the chromophobe type secrete 
ACTH. Mice grafted with such tumors display greatly enlarged adrenals, 
involution of the thymus, lymphopenia, and frequently increased weight. 
Endocrine organs other than the adrenals do not show enlargement even 
in hypophysectomized hosts. Recent studies performed on these mice by 
Mayer et al. (9) indicate that even when the mice bear minute tumors and 
have body weights similar to their normal controls they contain twice as 
much extrahepatic fat. Liver fat as well as both carcass and liver choles- 
terol were also found to be elevaied in the tumor-bearing mice. 


Materials and Methods 


Male mice of the LAF; strain were used in these experiments and were 
approximately 17 weeks of age at the time of sacrifice. One-half of the 
animals at 10 weeks were grafted with radiation-induced pituitary tumors 
subcutaneously in the right thigh muscles by injection of a saline suspen- 
sion of viable tumor tissue. The untreated mice served as controls. At 
the time of study the tumor-bearing mice weighed 31.3 + 3.5 gm. and the 
control animals 30.2 + 2.0 gm. The tumors at this time averaged 1 cm. 
in diameter. The control and tumor-bearing mice were allowed commer- 
cial laboratory chow ad libitum. The water of both groups of animals 
contained animal formula Terramycin HCl! at a level of 8 gm. per gallon 
and served to prevent infection to which the ACTH-secreting tumor-bear- 
ing mice are highly susceptible. 


Glucose-6-Phosphatase and Phosphorylase Determinations 


Glucose-6-phosphatase was assayed by a modification of the method of 
phosphate release of Swanson (10) which has previously been described 
(11). Phosphorylase was assayed as previously described (11), with the 
exception that the liver was homogenized in water without added fluoride 


1 Kindly furnished by Chas. Pfizer and Company, Inc., Brooklyn, New York, 
through the courtesy of Dr. Gilbert M. Shull. 
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since both glucose-6-phosphatase and phosphorylase determinations were 


performed on the same homogenates. 
made in duplicate, one with and one without added fluoride. 
the activities of the duplicates were similar. 


TABLE 


Each phosphorylase assay was 


In general, 


The results in Table I rep- 
resent the mean between these duplicate determinations. 


Phosphorylase and Glucose-6-phosphatase Activities of Six Normal 
and Six Tumor-Bearing Mice 


Enzymic activities are expressed as millimoles of glucose-1-phosphate or glucose- 
6-phosphate split in 30 minutes at 30°. 


Type 


Phosphorylase 
activity per gm.* 


Glucose-6- 
phosphatase 
activity per gm.* 


Phosphorylase 
total activity* 


Glucose-6- 
phosphatase 
total activity* 


Nermal, LAF, 
Tumor-bear- 


0.470 + 0.042 


0.565 + 0.075 | 


0.244 + 0.016 
0.354 + 0.045 


0.787 + 0.118 
0.859 + 0.090 


0.406 + 0.033 
0.540 + 0.068 


ing, LAF, 


* Mean + standard deviation. 


TaBLe II 

Blood Glucose and Liver Glycogen Levels of Six Normal and Six Tumor-bearing Mice 
Type Feeding status Liver glycogen* |Blood glucose*| Total glycogen* 

Boas per cent mg. per cent mg. 
Normal, LAF, Ad libitum 4.61 24 1.11 128 + 3 76.6 + 18.9 
” 1“ 24 hr. fast 0.096 + 0.045, 77 + 8 132+ 0.6 
Tumor-bearing, LAF, Ad libitum 3.83 + 0.28 108 + 10.5'558.5 + 6.7 
~ ” 24 hr. fast 1.37 + 0.46 115 + 13.416.1 4 5.9 


* Mean + standard deviation. 


Blood Glucose and Liver Glycogen Determinations 


The method of Good et al. (12) was used for extraction and hydrolysis 
of the glycogen. Glucose determinations on the glycogen hydrolysates and 
on blood were carried out by the method of Somogyi (13), using the col- 
orimetric procedure of Nelson (14). 


Results 


In Table I are recorded the total activities and the activities per gm. of 
wet liver for glucose-6-phosphatase and phosphorylase in tumor-bearing 
and normal LAF, mice. Comparison of the activities per gm. of liver of 
the tumor-bearing mice with those of the normal mice indicated that the 
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glucose-6-phosphatase activity of the former group was greater (p < 0.001) 
than that of the latter group. The phosphorylase activity of the tumor- 
bearing group was significantly greater than the control group (p < 0.05). 
Comparisons of the total glucose-6-phosphatase activities indicated that, 
while the difference in activity between the two groups was not as high as 
that between the specific activities, a high degree of significance still ob- 
tained (p < 0.01). However, the total phosphorylase activity of the tu- 
mor-bearing mice was not notably different from that of the control mice 
at the 5 per cent level. 

Tab'* II lists the blood glucose and liver glycogen levels of the tumor- 
bearing and normal LAF, mice. The blood glucose and liver glycogen 
levels of the fed animals in these two groups were not remarkably different. 
However, the fasting values for these two constituents differed markedly 
in the two groups. In the tumor-bearing group, fasting did not cause a 
reduction in the blood glucose level while it did in the normal controls. 
Similarly, the tumor-bearing mice retained approximately 14 times more 
liver glycogen after a 24 hour fast than their controls. 


DISCUSSION 


The striking increase in glucose-6-phosphatase activity per gm. of liver 
observed in the tumor-bearing mice indicates that the activity of this en- 
zyme in vivo is probably controlled, at least in part, by the adrenal cortical 
hormones. This corroborates and extends findings of Ashmore et al. (6) 
and Weber et al. (5). Ashmore and colleagues reported glucose-6-phos- 
phatase values of 0.157 and 0.210 mm glucose-6-phosphate split per 30 
minutes per gm. of liver, respectively, for normal rats and normal rats 
treated over a 48 hour period with 20 mg. of 17-hydroxycorticosterone. 
Weber and colleagues found a 49 per cent increase in glucose-6-phospha- 
tase activity in rats treated with cortisone. It is of interest to note that 
the 45 per cent increase in glucose-6-phosphatase activity observed in the 
tumor-bearing mice was probably produced largely by corticosterone. 
Bahn and others? have found that these tumor-bearing mice excrete 0.5 y 
per day total neutral C., steroids in the urine of which corticosterone com- 
prised 0.3 y. Only traces of Compounds E and F and no aldosterone ac- 
tivity were demonstrated. The fact that the significance of the difference 
in total liver glucose-6-phosphatase activity of tumor-bearing mice and 
controls is less than that of the specific activity is undoubtedly due to the 
smaller functional liver mass of the tumor-bearing mice. The decrease in 
liver mass was probably produced by the well known protein catabolic ef- 
fect of the adrenal corticosteroids. 


2 Bahn, R. C., Wilson, H., Anderson, E.., and Furth, J., to be published. 
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The significantly greater amounts of glycogen found in the livers of the 
tumor-bearing mice compared to their controls are not surprising in view 
of the known effects of adrenal cortical hormones on carbohydrate metab- 
olism. The classical experiments of Long et al. (15) demonstrated that 
fasted rats treated with adrenocortical extracts had considerably more 
liver glycogen than their untreated controls. The higher blood glucose 
levels in the fasted tumor-bearing mice compared to their controls also 
agree with the findings of Long and coworkers, who reported higher blood 
and tissue glucose levels in their fasted animals treated with cortical ex- 
tracts. The normal blood glucose levels maintained by the fed tumor- 
bearing mice are consistent with the findings of Shull and Mayer (16) on 
the effects of single large doses of cortisone on the blood glucose of normal 
fed mice. Parenteral administration of 10 mg. of this hormone did not 
significantly change the blood glucose levels of these mice. Similarly, in 
the rat, consistent hyperglycemia after adrenal cortical treatment is ob- 
tained only in animals forcibly fed a high carbohydrate diet (17) or in 
animals in which the pancreas is partially reduced (15). 

The significant increase in liver phosphorylase observed in the tumor- 
bearing mice compared to their controls is of interest. The work of Suther- 
land and Cori (18) indicates that both epinephrine and glucagon in vivo in- 
crease the amount of active phosphorylase in the liver. The results of the 
present study indicate that the adrenal corticosteroids may also increase 
the amount of active liver phosphorylase, although the fact that the in- 
crease is relatively small suggests that this may be a secondary (adaptive) 
phenomenon. 


SUMMARY 


The hepatic glucose-6-phosphatase activity per gm. of tissue in mice 
bearing corticotropin (ACTH)-secreting tumors was considerably greater 
than in normal mice of the same strain. <A small but significant increase 
in hepatic phosphorylase activity per gm. of liver was also found in the 
tumor-bearing mice. 

The liver glycogen and blood sugar levels of the tumor-bearing and con- 
trol mice were similar under fed conditions. However, under fasting con- 
ditions the amounts of liver glycogen and blood sugar were significantly 
greater in the mice bearing ACTH-secreting tumors. 
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DEOXY RIBONUCLEIC ACID AND PHOSPHOLIPIDE 
METABOLISM IN REGENERATING LIVER 
AND THE EFFECT OF X-RADIATION* 


By CHRISTINE D. JARDETZKY,{ CYRUS P. BARNUM, anp 
HALVOR VERMUND 


(From the Departments of Physiological Chemistry and Radiology, 
University of Minnesota, Minneapolis, Minnesota) 


(Received for publication, February 27, 1956) 


Studies on the incorporation of radiophosphorus (P*) into the deoxy- 
ribonucleic acid (DNA) of normal adult mouse liver have shown that a 
small but definite amount of activity is present in the DNA (1-3). This 
could be due to net synthesis of a small amount of DNA, to a slow renewal 
of the DNA phosphorus without change in the absolute amount, or to con- 
tamination of the DNA preparations with extraneous phosphorus. In re- 
generating liver, on the other hand, the incorporation was found to be 
considerably greater, but to vary with time after partial hepatectomy. 
In rats, the maximal value of the specific activity of DNA was observed 
about 24 hours postoperatively (4, 5). Similar results were obtained with 
glycine-N!> (6) and with orotic acid-C" (7, 8). 

When partially hepatectomized animals were subjected to whole body 
irradiation, the entrance of P® into liver DNA was partially inhibited 
(9-11). However, Kelly (10) found that the extent of inhibition was de- 
pendent on the time after partial hepatectomy, and Holmes and Mee (11) 
found that it was dependent on the total dose of irradiation to the whole 
body and the interval between the time of irradiation and that of sacrifice. 

The percentage of DNA synthesized per hour and the relative specific 
activities of DNA and phospholipide obtained at short time periods after 
injection of P® in mice, at different regeneration stages, are reported in 
this communication. Evidence is presented that the extent of inhibition 
by x-radiation of the 1 hour P® incorporation into DNA may be greater 
than 50 per cent and that it may be a function of the stage of liver regenera- 
tion. It is also concluded that at least some of the DNA phosphorus of 
the liver which has regenerated to normal size is not subject to renewal. 


* This investigation was supported in part by a grant-in-aid from the American 
Cancer Society, upon recommendation of the Committee on Growth of the National 
Research Council, and in part by a research grant (No. C-1747) from the National 
Institutes of Health, Public Health Service. 

+t Present address, Gates and Crellin Laboratories of Chemistry, California Insti- 
tute of Technology, Pasadena, California. 
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EXPERIMENTAL 


Partial Hepatectomy—Partial hepatectomy was performed on mice under 
ether anesthesia according to a modification (12) of the Higgins and Ander- 
son technique (13). The average amount of the median and left lateral 
lobes of the liver removed from ten ZBC male mice, with body weights 
ranging between 15 and 24 gm., was 65.5 per cent of the total liver with a 
variation of +2.1 per cent expressed as an optimal estimate of the mean. 
The right lateral and caudate lobes amounted to 29.1 + 1.6 per cent of 
the total liver. The difference of the sum of the two means from 100 per 
cent is equal to the per cent of the total liver that belongs to the median 
and left lateral lobes and is left behind at the time of operation. This 
small piece of tissue becomes necrotic and slowly disappears after partial 
hepatectomy.! Mortality after the operation was lower than 5 per cent. 

P® Injection —The original sample of P® received from the Oak Ridge 
National Laboratory was diluted to the proper strength with physiological 
saline. The mice were injected intraperitoneally with P® in amounts vary- 
ing from 0.5 to 2 we. in 0.01 ml. per gm. of body weight. An aliquot from 
the injected solution was diluted with approximately 0.1 mM H.SO, for direct 
counting, and this count was used in the calculation of the ‘biological 
concentration coefficient”? (BCC (14)). 

Preparation of Samples—The animals were sacrificed under ether anes- 
thesia. ‘The livers were excised immediately, blotted to remove excess 
blood, weighed, and homogenized with ice-cold alkaline saline (2 ml. of 
0.1 Nn NaOH per liter of 0.85 per cent NaCl) in a Potter-Elvehjem homog- 
enizer (15). At this stage, an aliquot of the homogenate was taken in 
some experiments and the amount of DNA per gm. of fresh liver was deter- 
mined on trichloroacetic acid (TCA) hydrolysates (16) by the diphenyl- 
amine reaction (17). The homogenate was centrifuged at 23,000 X g for 
5 minutes. The resulting cytoplasmic supernatant fraction was decanted 
into a tube containing an equal volume of ice-cold 10 per cent TCA, and 
the pellet was treated directly with boiling 6 per cent NaCl buffer, pH 10 
(6 volumes of 10 per cent NaCl + 4 volumes of 0.1 mM NasCO3;-NaHCO; 
buffer, pH 10). The DNA extracted from the pellet in this manner was 
purified as previously described (18). 

The inorganic phosphorus (IP) was isolated from the TCA supernatant 
fraction (2), and the pooled cytoplasmic phospholipides were extracted 
from the TCA sediment with alcohol and then with boiling alcohol-ether 
(3:1). This extract was evaporated to an oily residue and further purified 


1 Groups of five to ten mice were housed in wooden boxes and given 10 per cent 
dextrose in tap water and Purina fox chow ad libitum. The animals used were not 
kept under standardized conditions of room temperature and illumination. 


i. 
| 
a 
| 


JARDETZKY, C. P. BARNUM, AND H. VERMUND 425 


with petroleum ether according to Huseby and Barnum (19). In some ex- 
periments the whole acid-soluble phosphorus (ASP) fraction was used. 
Determination of Specific Activity—The purified DNA, IP, phospholipide, 
and ASP fractions were wet ashed and hydrolyzed, and the P® content was 
determined with a dipping Geiger-Miiller counter tube (2). The error in 
the counts per minute for samples with low activity, after the background 
correction was applied, was in most cases of the order of 1 to 2 per cent. 
Total phosphorus content was determined on the same solution by the 


TABLE 
Mitotic Index* at Different Intervals after Partial Hepatectomy 


| Mitotic index 
| Mean nge 

hrs. 

30 1 4,000 0.7 0.5- 1.0 
36 3 10,000 4.6 2.0—- 5.5 
42 3 6, 000 29.0 13.0-39.0 
48 3 9, 000 6.1 4.0- 8.6 
54 | 4 25,000 ee 5.5-19.4 
60 | 4 | 32,000 16.9 10.0-21.5 
66 | 3 24,000 15.5-23.5 


t 


* Number of mitoses per 1000 cell nuclei. 

t The mice of the 36 and 66 hour groups were sacrificed between 8 and 11 a.m., 
those of the 30 and 54 hour groups between 3 and 7 p.m., and the rest between 11 a.m. 
and3p.m. These animals were a random sample of the mice referred to in Table IV. 

t A minimum of 1000 cell nuclei per section were counted under high power with- 
out the use of oil immersion. In counting, no attempt was made to differentiate 
nuclei of different cell types or mitoses between prophase and telophase. Sections 
were cut from paraffin blocks of regenerating liver tissue that had been previously 
fixed in Bouin’s solution and carried through increasing alcohol concentrations. 
The sections were stained with hematoxylin-eosin. 


method of Fiske and Subbarow (20). The results are reported as (a) 
relative specific activity (counts per minute per microgram of phosphorus 
as per cent of the counts per minute per microgram of the IP fraction), 
and (b) BCC (counts per minute per millimole of phosphorus as per cent 
of the counts per minute injected per gm. of body weight). 


Results 


Rate of Cell Division—lIt is seen from Table I that the mitotic index rises 
sharply at 42 hours, decreases at 48 and 54 hours, and rises again at 60 
and 66 hours after partial hepatectomy. However, because of the limited 
number of mice and the large variation among individual mice, the only 
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conclusion that seems warranted is that mitosis sets in some time between 
30 and 42 hours postoperatively and that mitotic activity is maintained 
throughout the 36 to 66 hour interval. Wilson et al. (21) observed active 
mitosis between the Ist and 2nd day, and the peak in mitosis on the 3rd 
day after partial hepatectomy in mice. 

Rate of DNA Synthesis—The amount of DNA per gm. of fresh liver was 
determined at different intervals after partial hepatectomy and found to 


TABLE II 
DNA Content of Mouse Liver at Different Times after Partial Hepatectomy 


DNA 
Stage of regeneration No. of mice* ern - 
Fresh livert | Liver} 
hrs. y per gm. | y 
0 | 24 2197 (1779-2744) 

12 | 2 2040 (2000-2080 ) 1040 (1000-1061) 
18 4 2195 (1950-2330 ) 1075 (802-1098 ) 
24 14 2032 (1855-2658 ) 1002 (792-1179) 
30 16 2080 (1800-2640 ) 1044 (978-1206 ) 
36 16 2160 (1810-2550 ) 1151 (929-1382 ) 
42 1s 2170 (1820-2885 ) 1267 (977-1519 ) 
48 16 2233 (2060-2500 ) 1338 (1005-1764 ) 
54 17 2360 (2140-2530) 1467 (1134-1630) 
60 14 2285 (1990-2530) 1472 (914-1942) 
72 14 _ 2340 (2080-2530) 1608 (1147-2059) 


* Mice received P*? 1 hour prior to sacrifice (Table IV). 

t+ The mean and range of analyses carried out on individual livers or on pools of 
two livers. Determinations were based on the diphenylamine reaction on TCA 
hydrolysates (18). 

t The mean and range were obtained by multiplying the mean of the third column 
by the average liver weight in gm. and by the lowest and highest value of liver weight 


of a given regeneration stage. 


be fairly constant and close to the control value between O and 72 hours 
postoperatively (Table II). This is in agreement with results reported by 
others for the rat (22, 23). The average amount of DNA per average liver 
at different regeneration stages was calculated (Table II) and found to 
increase with time after the operation.2 Then the percentage of DNA 
formed per hour was calculated for every 6 hour interval between 24 and 
60 hours and for the last 12 hour period. It was assumed, in one case, 
that the DNA increased in proportion to the amount present at any in- 
stant (exponentially) and, in the other, that it increased by a constant 


2 The calculated values were not normalized for body weight since, at the time of 
operation, the average body weights of the different groups of mice were similar. 
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amount (linearly). The results of these calculations are seen in Table LIE, 
The regeneration intervals are short enough so that there is little difference 
in the values obtained from the two types of equations. From Table III 
it is seen that the percentage of DNA formed per hour is a function of the 
stage of regeneration and has a maximal value between 30 and 42 hours 
after partial hepatectomy. 


TaBLeE III 


Calculated Percentage of DNA Synthesized per Hour at 
Different Times after Partial Hepatectomy 


Fraction g of DNA synthesized per hr. & 100 
Regeneration interval 
Exponential equation* Linear equationt 
24-30 0.69 0.71 
30-36 1.63 1.71 
36-42 1.60 1.68 
42-48 0.90 0.92 
48-54 1.52 1.59 
54-60 | 0.07 0.07 
60-72 0.74 | 0.77 


d, and d; are the amounts of DNA per average liver (Table II) at the beginning 
and end of a regeneration interval, and ¢ is the time in hours between two regenera- 
tion stages. 

* Calculated from equation d; = d,e%. 

+ Calculated from equation (d; — d,)/d, = gt. 


Specific Activity of DNA and Phospholipide at Different Stages of Regen- 
eration—-The relative specific activities of DNA and pooled cytoplasmic 
phospholipides at different times after partial hepatectomy are seen in 
Table IV. The relative specific activity of the DNA is low between 0 
and 30 hours, has a maximal value at 36 hours, then slowly decreases and 
reaches a fairly constant value between 54 and 72 hours postoperatively. 
There is a 12 hour lag period in the mouse before the DNA specific activity 
reaches a maximal value, as compared with experiments in which rats were 
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used (4-8). The relative specific activity of cytoplasmic phospholipide is 
significantly increased over the control value 24 hours after partial hepatec- 


TABLE IV 


Relative Specific Activity of DNA and Pooled Cytoplasmic 
Phospholipides at Different Regeneration Stages 


| Mo of Relative specific activity + optimal estimatet No. of 
Stage of regeneration _ analyses | ont 
| DNA Phospholipide | lipide)* 
(1 hr. with P*?) | | | 
Ot 0.21 + 0.10 91416 | 12 
12 | 1 0.15 
18 | 2 0.214 0.12 12.4 
24 3 0.27 + 0.22 16.5 + 1.28 5 
30 8 0.36 + 0.21 15.6 + 1.9§ 7 
36 | 8 0.94 + 0.488 | 15.5 + 2.58 7 
42 = 0.85 + 0.408 13.9 + 1.78 11 
48 | 8 0.70 + 0.208 15.9 + 4.2§ 5 
54 | 8 | 0.53 + 0.13§ 12.5 + 2.4§ 7 
60 13 + 0.138 11.8 + 3.09 5 
72 7 | 0.46 + 0.23) | 13.6 + 4.1| 6 
wks. | | 
(2 hrs. with P*2) | 
Ot 6 0.22 + 0.13 22.9+1.3 | 6 
l 6 0.17 + 0.06 32.3 + 3.2t | 6 
3 6 0.1464+0.05 =2704+59 6 
4 6 0.19+ 0.03 | 25441.9§ | 6 


ZBC male mice 1.5 to 2.5 months old, with a body weight range from 16 to 28 gm. 
at the time of operation, were used. All controls not subjected to operation, as well 
as mice receiving P*? 2 hours prior to sacrifice and those of the 36 hour group, were 
sacrificed between 8 and 12a.m. Mice at 30, 54, and 72 hours after partial hepatec- 
tomy were sacrificed between 1 and6 p.m. The rest of the groups consisted of mice 
sacrificed either in the morning or in the afternoon. In these morning and after- 
noon groups, no noticeable differences existed between the relative specific activities 
of DNA and phospholipide or the amount of DNA per gm. of liver. 

* Carried out on individual livers or on pools of two livers. 

t Counts per minute per microgram of sample phosphorus as per cent of counts 
per minute per microgram of inorganic phosphorus + optimal estimate. 

t Control mice. 

§ <0.001 = the probability, calculated from Student’s t tables, that the observed 
mean is different from that of the control group by chance. 

|| <0.01 = the probability calculated as in the § foot-note. 

€ <0.05 = the probability calculated as in the § foot-note. 


tomy and during the period from 24 hours to 1 week postoperatively. The 
2 hour incorporation of P® into DNA observed at 1, 3, and 4 weeks after 
partial hepatectomy is low and not significantly different from that of the 
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control. This would be expected from the fact that the rate of liver resto- 
ration is markedly decreased during that time. The average liver weight 
and range for this series of animals at 1, 3, and 4 weeks after the operation 


TABLE V 


Effect of X-radiation on Relative Specific Activity of DNA and Pooled 
Cytoplasmic Phospholipides 36 and 72 Hours after Partial Hepatectomy 
The animals were irradiated with 2000 r.* at about 34 (or 70) hours, injected with 
P?? immediately after irradiation, and sacrificed 1 hour later at 36 (or 72) hours after 
partial hepatectomy. Non-irradiated control mice were treated similarly. 


| Relative specific activity + optimal estimatet = i 


P 
| Control | Irradiated | tion} 
DNA 
36 «2.80 + 1.36 (23) | 0.94 + 0.41 (24) 66 6.4 <0.001 
72 | 0.43 + 0.27 (23) | 0.21 + 0.12 (21) | Sl | 3.4 <0.001 
Phospholipide 
36 | 19.5 + 4.9 (20) | 19.6 + 4.6 (24) 
72 20.0 + 4.6 (21) + 4.1 (21) 


ABC male mice 2 to 4 months old, with body weights varying from 19 to 30 gm., 
were used. The mice in the 36 hour group were sacrificed between 8 and 11 p.m., 
those in the 72 hour group between 1 and 4 p.m. The results obtained from three 
independent experiments were pooled. The specific activity of the tissue IP was not 
affected by x-radiation. The numbers in parentheses refer to the number of animals 
used, and represent also the number of analyses. 

* In all three experiments the total dose was 2000 r. + 5 per cent with back-seatter 
as measured within the lucite box in which six to twelve mice were placed to be ir- 
radiated at an fsd of 50 em. In the first and second experiments, 220 kvp., while in 
the third experiment, 250 kvp. were used. The HVL was 1.8, 1.05, and 1.05 mm. of 
Cu, respectively, while the dose rate was 40, 69, and 146 r. per minute. 

+ Defined in Table IV. 

t The probability that the difference between 66 and 51 per cent inhibition is due 
to chance is 0.04. 


were 1.00 (0.87 to 1.20), 1.04 (0.88 to 1.24), and 1.19 (1.15 to 1.26) gm., 
respectively. 

DNA Inhibition by X-radiation—The well known inhibition of DNA 
synthesis by x-radiation is shown by the marked decrease in the DNA 
relative specific activity of irradiated animals compared to non-irradiated, 
partially hepatectomized mice 36 and 72 hours postoperatively. These 
two regeneration times were chosen because they correspond to a high and 
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to a low (a) percentage of DNA formation per hour (Table TIL), and (b) 
1 hour relative specific activity (Table IV). It is seen from Table V that 
the extent of inhibition is higher at 36 hours (66 per cent) than at 72 hours 
(51 per cent) after partial hepatectomy. This difference in inhibition was 


TABLE VI 


Retention of P** by DNA and Other Liver Constituents at 
Different Times after Partial Hepatectomy 


The mice were injected with a single P*? dose 36 hours postoperatively. 


BCCt + optimal estimate 
Days | No. of Mean regenerated 
DNA | IP | ASP | 

0.5 8 |1066 + 92 1592 + 59 | 2200 + 693 | 0.72 (0.59-0.81) 

1.5 | 8 |990 + 10 988 + 210 1133 + 85 1244 + 230 | 0.60 (0.48-0.73) 

4.5 7 |1088 + 156 537 + 46 514 + 41 538 + 54 | 0.81 (0.60-1.09) 

7.5 | 8 | 886+ 54 178 + 22) «184 + 32 | 0.89 (0.71-1.04) 
144.5 | 7 | 632+ 79 97 + 22) 814 = 5 | 0.87 (0.51-1.09) 
21.5 | 8 | 787 + 357 344 3) 35 + 3] 1.00 (0.82-1.15) 
28.0 | 5¢ | 469+ 98 26+ 1) 24+ = 1'/ 1.17 (1.03-1.37) 
39.5 6 331 + 139 Is+ 2 1.31 (0.98-1.78) 
42.5 | 7 | 4824 57 | ll+ 1 1.26 (0.95-1.93) 
49.5 | 9 | 5564 17 7+ 1 1.32 (1.13-1.47) 
56.0 | 9f | 385 + 1.17 (0.88-1.56) 
73.5 | 6 | 421 | 5.58 1.23 (1.27-1.63) 


zero between the Ist and 3rd week after the operation. The analyses were carried 
out on individual livers or on pools of more than one liver, depending on the activity 
of the injected P*? at the time of sacrifice. 

* See Table IV for the strain, sex, age, and body weight of mice at the time of op- 
eration. 

t Counts per minute per millimole of sample phosphorus as per cent of counts per 


minute injected per gm. of body weight. 
t These mice were injected between 8 and 11 a.m.; the rest were injected between 


8 and 11 p.m. 
§ Specific activity of pooled cytoplasmic phospholipide, ribonucleic acid, protein, 
and acid-soluble phosphorus. 


found to be statistically significant to the 4 per cent level when the means 
of the random ratios of the specific activities of the irradiated and control 
DNA at 36 and 72 hours were analyzed according to the Student t test. 
The specific activity of the IP fraction was not affected by x-radiation. 
This is true also for the phospholipide fraction (Table V).’ 


’ The differences in the 1 hour relative specific activity of DNA at 36 hours and 
phospholipide at 36 and 72 hours (Tables IV and V) among the non-irradiated con- 
trols are presumably due to the strain difference of the two groups of mice. 
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The concentration of dextrose in the drinking water was gradually decreased to ‘ 
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Long Term Study with P’— The results of this series of experiments are 
seen in Table VI. 12 hours after the injection of PP, the pooled cytoplas- 
mic phospholipides have a higher specific activity than that of the IP 
fraction, but, by about 1.5 days, the phospholipide, IP, and ASP fractions 
have similar specific activities. 

The DNA incorporates P*® rapidly, as is evident from its specific activity 
at 0.5 day, which is close to that of IP. The specific activity of the DNA 
remains fairly constant between 1.5 and 7.5 days, while those of ASP and 
phospholipide are decreasing. As the liver grows slowly to normal size 
and new DNA is synthesized, with a specific activity equal to that of ASP 
between 7.5 and 28 days after injection of P*®, the specific activity of total 
liver DNA decreases. DNA synthesis during this interval is probably due 
to a slow rate of liver restoration observed also by Wilson eé al. (21). Be- 
tween 28 and 73.5 days, the DNA is maintained at a fairly constant specific 
activity, the average liver weight remains relatively constant (Table V1), 
and presumably no net DNA synthesis occurs. The P® in the DNA of 
the cells which had been active in DNA synthesis is retained, indicating 
the complete lack of even a slow renewal of DNA-P*. It is noteworthy 
that the specific activity of the cytoplasmic cell constituents at 73.5 days 
is not zero, but 5.5. This would imply that there is a source of P® in the 
mouse even 73.5 days after injection. Two possible sources of P* are (a) 
the bone and (b) DNA. It was shown (24) that the femur of rats 116 days 
after P® injection had a specific activity approximately 4 times that found 
in the urine. On the other hand, a 1 to 2 per cent contamination of total 
cytoplasmic and acid-soluble phosphorus by DNA phosphorus, which 
amounts to about 10 per cent of the total DNA phosphorus, would be 
sufficient to give a specific activity of 5.5. It is possible that both sources 
of P? mentioned are responsible for the activity of the total cytoplasmic 
phosphorus 73.5 days after the time of injection. 


DISCUSSION 


It is generally agreed that DNA synthesis occurs in the cells during the 
interphase (25). The results reported here (Tables I, IJ, and III) are 
consistent with this idea since the peak in mitosis was observed at 42 hours, 
while the peaks of the DNA specific activity in the short term study with 
P® and the calculated fraction of DNA synthesized per hour occurred at 
about 36 hours after partial hepatectomy. 

Jaffe (26) has recently demonstrated in rats a marked periodicity in the 
number of dividing cells, as a function of the time after partial hepatec- 
tomy, with values high in the morning and low at night. DDNA synthesis 
in the regenerating mouse liver also might be subject to diurnal variation 
(12). Therefore, the results on the incorporation of P® into DNA and the 
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Hrachional DONA are probably a of both the stage of liver 
regeneration and the time of day when the animale were sacrificed, 

A correlation between the ealeulated fraction of DNA synthesized per 
hour and its relative specific activity at the different regeneration stages 
was observed. However, this information was not sufficient to permit 
any conclusions about the mechanisms of entrance of P? into DNA. At- 
tempts have been made to demonstrate that the preexisting DNA of divid- 
ing cells completely equilibrates with its precursor and that twice as much 
is synthesized (27, 28), but satisfactory evidence has not yet been obtained. 

The metabolic activity of the pooled eytoplasmic phospholipides of 
regenerating liver during the period from the Ist to the 7th day after par- 
tial hepatectomy was greater than that seen in normal liver. This could 
be due to net synthesis of new phospholipide in the regenerating liver. A 
decrease in the rate of exchange between liver and plasma phospholipide 
and an increase in rate of breakdown and resynthesis of old molecules would 
also augment the over-all rate of P®? entrance into phospholipide. Similar 
results on the incorporation of P* into total phospholipide of regenerating 
rat liver were reported by Johnson and Albert (4). 

With regard to the immediate effect of whole body irradiation with 2000 
r. on DNA synthesis, it is interesting to note that the depression of the 
specific activity at 36 hours was significantly greater than that observed 
at 72 hours after the operation (Table V). At this stage it is necessary to 
mention that the mean specific activities within each group obtained from 
the three independent experiments for the control group at 36 hours and 
for the irradiated groups at 36 and 72 hours were almost identical. _How- 
ever, a greater variation was encountered in the mean specific activities 
obtained from the three independent experiments for the control groups 
at 72 hours. Therefore, the validity of applying statistical analysis to the 
pooled results must be accepted with reservation. In disagreement with 
the results reported in this communication, Kelly (10) showed that the 
specific activity of DNA was not affected if the mice were irradiated with 
about 800 r. at a time when DNA was being maximally synthesized in the 
liver. Regeneration was induced in that case by carbon tetrachloride in- 
jection. A possible explanation for these conflicting results became ap- 
parent when Holmes and Mee (11) found that the inhibition of P*® entrance 
into DNA of regenerating rat liver, due to the ‘‘immediate”’ effect of x-ra- 
diation, was dependent on the dose of radiation. When the animals were 
irradiated 3 hours prior to sacrifice, little or no inhibition was apparent 
with 450 r., but close to a 50 per cent inhibition was observed with 2200 r. 
of radiation. The depression of the specific activity of DNA seen in Table 
V is probably due to a direct effect on the cells that would be synthesizing 
DNA during the 1 hour interval from the beginning of P*® injection to the 
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tine of  Tihibition of would not atfeet DNA synthe 
mmediately, aimee has been shown (a) that there ie a lag period of 2 to 
‘hours (20) or 6 to 8 hours (30) between the end of the DNA synthesis 
stage and the beginning of mitosis, and (b) that DNA synthesis is not 
inhibited by low x-radiation doses while mitosis is completely suppressed 
(11). 

The difference in the extent of inhibition at the two stages of regeneration 
could be explained if the percentage of the DN A-synthesizing cells (during 
the 1 hour with P*), which had been inhibited by irradiation, was greater 
at 36 than at 72 hours after partial hepatectomy. The hypothesis that 
x-radiation inhibits new DNA synthesis and not renewal of preexisting 
DNA is not alone sufficient to explain an inhibition in excess of 50 per cent, 
but this hypothesis, coupled with the suggestion of Holmes and Mee (11) 
that irradiation delays the entrance of cells into the synthesizing stage, 
would be compatible with such an inhibition. 

The results of the 73 day retention study indicate that the DNA P*® in 
regenerating liver is not subject to renewal between 28 and 73.5 days post- 
operatively, since the specific activity of DNA remains fairly constant dur- 
ing this period while all other liver constituents exhibit low specific activi- 
ties (Table VI). On the other hand, these results do not justify the 
statement that all of the DNA phosphorus of the liver is stable during this 
time because of the implicit assumptions that the unlabeled phosphate 
groups in the DNA are chemically identical with the labeled ones, and that 
the labeled DNA is representative of the total liver DNA. Brues et al. 
(31) came to the conclusion that the turnover of DNA phosphorus in non- 
growing rat liver is extremely slow, from studies on the P* incorporation 
in resting liver DNA and the retention of P® by the DNA obtained from 
rat liver 13 days after partial hepatectomy. ‘The results of similar experi- 
ments with other precursors such as orotic acid-6-C"™ (7), adenine-1 ,3-N?5, 
and glycine-2-C" (32), based on a number of determinations over the period 
2 to 4 months after the operation, are consistent with the conclusion that 
at least some of the DNA of the non-growing cells of completely restored 
rat liver is chemically inert. 


SUMMARY 


The short term incorporation of P® into the deoxyribonucleic acid and 
cytoplasmic phospholipides of mouse liver was studied at different times 
after partial hepatectomy. A maximal value of the relative specific activ- 
ity of DNA was observed 36 hours postoperatively. The peak in the rate 
of DNA synthesis and P® incorporation into DNA occurred at a time prior 
to that when high mitotic indices were observed in the liver. The relative 
specific activity of cytoplasmic phospholipides was significantly higher 
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than that of liver during the period trom to week alter 
partial hepatectomy, 

The well known inhibition of DNA by x oration wae con 
firmed for regenerating liver and was Found to be greater Chan SO per cent 
at hours after partial hepatectomy. SO per cent rohibition wae 
served 72 hours postoperatively, 

The long term retention expertments with P&’ provided evidence for the 
stability of at least some of the phosphorus of DNA that was synthesized 
during the rapid phase of liver regeneration, 


It is a pleasure to acknowledge our indebtedness to Dr. J. J. Bittner for 
supplying the mice used, to Dr. R. A. Huseby for valuable suggestions, to 
Donald Ramras for the mitotic counts, and to Miss Marlys L. Hawkinson 
for assistance on the many analyses performed. 
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ENZYMATIC DECARBOXYLATION Ob OXALIC 


(Krom the National Inatitute of Arthritia and Metabolic Dieeasea, National 
Inatitutes of Health, United Atatea Public Mealth Service, 
Hetheada, Maryland) 


(Reveived for publication, February 1, 1956) 


Although it has been recognized that oxalic acid is decomposed by a 
variety of microorganisms (2-6), relatively little is known of the details of 
oxalie acid metabolism. The present study represents an attempt to es- 
tablish the mechanism of oxalate degradation at the enzyme level by the 
use of a bacterium isolated from soil. 

Partially purified enzyme preparations obtained from the organism cata- 
lyzed the decarboxylation of oxalic acid with the formation of formic acid 
and carbon dioxide. The system requires substrate quantities of ATP! 
and catalytic amounts of acetate, CoA, ThPP, and magnesium ions. Ace- 
tate, CoA, ATP, and magnesium ions are required for the formation of 
acetyl CoA (Equation 1) which is in turn utilized according to the over-all 
reaction described by Equation 2. 


(1) ATP + CoA + acetate =, acetyl CoA + ADP (or AMP) + Pi (or PP) 


ThPP 
(2) Acetyl CoA + oxalate ——— acetate + formate + CO, + CoA 


Evidence will be presented which suggests that Equation 2 is the sum 
of Equations 3, 4, and 5. 


(3) Acetyl CoA + oxalate = oxalyl CoA + acetate 

(4) Oxalyl CoA [formyl CoA] + CO, 

(5) [Formyl CoA] + H:O — formate + CoA 
Materials and Methods 


Oxalic acid-C™, formic acid-C™, acetic acid-1-C™, and diethyl malonate- 
1-C™ were obtained from the Isotopes Specialties Company, Inc., Burbank, 


* A preliminary account of this work was presented before the American Chemical 
Society (1). 

t Present address, Takeda Research Institute, Osaka, Japan. 

1 The following abbreviations are used: ATP, ADP, and AMP, adenosine tri-, di-, 
and monophosphates, respectively; CoA, coenzyme A; GSH, reduced glutathione; 
ThPP, thiamine pyrophosphate; Pi, inorganic phosphate; PP, inorganic pyrophos- 
phate; GTP, UTP, CTP, and ITP, the triphosphates of guanosine, uridine, cytidine, 
and inosine, respectively; Tris, tris(hydroxymethyl)aminomethane. 
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California. Malonic acid was prepared by the saponification of diethy] 
malonate. Monoethyl oxalate was prepared by saponification of diethy| 
oxalate by the method of Freund (7). Acetyl phosphate was synthesized 
by a modification’? of the method of Avison (8). The method of Simon 
and Shemin (9) as detailed by Kaufman ef al, (10) was used for the synthe. 
sin Of acetyl CoA, All other compounds used here are commercially avail 
able, 

wae determined by the method of Lowry efal (bb) ‘The 
lion of wae followed we deserbed by and 
Tittle (1), 

Radioactivity was measured with a windowless gas flow counter Mor 
the estimation of radioactivity on paper chromatograms a low background 
Robinson gas flow counter (13) was used, 

Growth Conditions—UEnrichment cultures were prepared with a medium 
similar to that of Bhat and Barker (5). The organism which was isolated 
from a single colony after several transfers was found to be a small, motile, 
strictly aerobic, gram-negative rod which has tentatively been classified 
as a member of the genus, Bacterium. 

The organism was grown in 6 liter Erlenmeyer flasks containing 1.5 liters 
of medium which were aerated on a reciprocal shaker. ‘The medium in- 
cluded the following constituents in gm. per liter: KzHPO,4, 1.5; NaH2PO,, 
0.5; MgSO,-7H.0, 0.2; NH,NOs, 1; NaCl, 0.1; yeast extract, 0.6; ammo- 
nium oxalate, 2. Although the organism can grow without the addition 
of yeast extract, the yield of cells in its absence isverylow. The bacterium 
may be grown on yeast extract alone or on acetate. Under these condi- 
tions, however, the cell-free extract does not decarboxylate oxalic acid. 

Growth was allowed to take place at 25° for 24 hours, and the cells were 
collected by centrifugation, washed twice with 0.9 per cent saline, and 
frozen. The yield of cells was approximately 0.4 gm. (wet weight) per 
liter of oxalate-yeast extract medium. 

Enzyme Preparation—Cell-free extracts could be obtained either by 
grinding the frozen cells with alumina, utilizing the procedure of 
Mcllwain (14), or by sonic disintegration of a suspension of the cells in 
phosphate (0.1 m)-glutathione (0.005 m) buffer at pH 6.9 in a 10 ke. 
Raytheon sonic oscillator. The latter method was preferred for large 
batches of material. Generally, 15 gm. of cells in 100 ml. of buffer were 
subjected to sonic oscillation for 10 minutes, and the suspension was centri- 
fuged at 2° for 20 minutes at 15,000 X g. All fractionation procedures 
were conducted at 0-2°. 

The supernatant fluid, containing approximately 12 to 15 mg. of protein 
per ml., was treated with 15 ml. of a 1 per cent solution of protamine sul- 


2 Personal communication from Dr. A. Kornberg. 
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fate per 100 mil. of crude extract. After removal of the precipitate, the 
solution was treated with 19.4 gm. of ammonium sulfate per 100 mi. of 
supernatant fluid, and the precipitate was discarded, ‘The precipitate 
formed upon the further addition of 15 gm. of ammonium sulfate was dis- 
solved in one-fourth of the original volume of buffer contaimimg phosphate 
(005 M) and glutathione (0005 Mm) at 6.) Unless otherwise specitied 
sulfate fractions were deed throughout this study, 

cnees the aullate fraction wae dialyzed fora total of 
Jhoure two changes ofa phosphate (005 mM) glitathione (O.005 
eolution af of enzyme were chalyzed agaimel mb of 
buffer, 

Standard Assay System -Oxale acid-C™ was used as substrate, and en- 
zyme activity was followed by assay of C'-carbon dioxide formed. Carbon 
dioxide produced by the reaction was trapped in alkali by a modification 
of a method originally deseribed by Kornberg et al. (15). 

The components of the incubation mixture were placed in the main 
chamber of a Thunberg tube and included the following (expressed in 
micromoles) in a total volume of 1 ml.: potassium phosphate at pH 6.9, 
50; potassium fluoride, 50; magnesium chloride, 5; glutathione, 5; acetate, 
10; ATP, 5; CoA, 0.1; ThPP, 0.05; oxalate-C™, 1. Potassium fluoride 
served to inhibit phosphatases which were present. The side arm of the 
Thunberg tube contained 0.5 ml. of 0.3 N KOH. 

The reaction was started by the addition of the enzyme preparation af- 
ter which the tube was closed and incubated at 35° for 40 minutes. The 
reaction was stopped by the addition of 0.3 ml. of 0.6 N KOH to the main 
chamber, and the Thunberg tube was again sealed and evacuated with a 
water aspirator. 

Approximately 0.3 ml. of 18 N H2SO, was placed in the evacuation out- 
let. Because of the partial vacuum in the Thunberg tube, the acid will 
flow into the main chamber when the side arm opening coincides with 
that of the evacuation outlet. Before all the acid had entered, the tube 
was closed and incubated at 60° for 30 minutes. After cooling to room 
temperature a 0.03 ml. aliquot of the alkali from the side arm was plated 
on a planchet, dried, and counted. 


Results 


When dialyzed ammonium sulfate fractions were incubated with oxalic 
acid, only minimal carbon dioxide formation could be detected. Supple- 
mentation of such incubation mixtures with ATP, CoA, ThPP, and MgCl, 
and with acetate allowed the formation of carbon dioxide from oxalate. 
Under standard assay conditions the concentrations of the required com- 
ponents were varied independently of each other with the results illustrated 
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in Figs. 1 and 2. Of interest is the stimulation by potassium fluoride (Fig. 
1, A) which is known to inhibit phosphatases (17). 

ATP is replaced by ITP but not by equimolar quantities of GTP, CTP, 
UTP, or AMP. ADP is only 5 per cent as active as ATP, and it is pre- 
sumed that this activity is due to myokinase which is present in the en- 
zyme preparation, At high concentrations CoA proved inhibitory (Pig, 
% A). It should be noted that the standard assay system contains CoA 
al a concentration (65 mM) below the optimal level. ‘The enzyme 
system is salturated al an oxalate concentration below Buch 
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Fic. 1. Decarboxylation activity as a function of (A) ATP concentration with (50 
umoles) and without potassium fluoride and (B) ThPP concentration. Standard 
assay conditions with enzyme preparations treated with Dowex 1-chloride (16) prior 
to assay. 


a concentration-activity curve is not reproduced for the magnesium ion 
requirement as the enzyme preparation contained sufficient active material 
to allow 40 per cent of the maximal activity in the absence of exogenous 
magnesium. The system was saturated at a magnesium chloride concen- 
tration of 1 10-3 

The activity of the oxalate-decarboxylating system at various pH values 
is shown in Fig. 3. The optimal pH is at 6.9. Fnzyme activity under 
anaerobic conditions, 7.e. in a helium atmosphere, is equal to that obtained 
in air. 

As illustrated in Fig. 4, carbon dioxide formation is a linear function of 
time. 
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hig. 2. Deearboxylation activity as a funetion of (4) CoA concentration and (B) 
Conditions as in Fig. 1. 
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Fic. 3. The effect of pH on the system decarboxylating oxalic acid; 0.1 m buffer. 


Specificity and Reversibility—Under the experimental conditions em- 
ployed C4-formate and acetate-1-C" did not give rise to radioactive carbon 


dioxide. 


Malonate-1-C"™ was decarboxylated at approximately 25 per cent 


of the rate of oxalate decarboxylation. However, it remains to be estab- 
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lished whether a single enzyme system is responsible for the activity on 
both dicarboxylic acids.’ 

That the system is not readily reversible was demonstrated by an ex- 
periment in which the usual assay components were incubated with non- 
radioactive oxalate in the presence of approximately 2 wmoles of C'-carbon 
dioxide (1 & 10° ¢.p.m.). When approximately 0.5 wmole of oxalate had 
been decarboxylated, the reaction mixture was made 0.1 N with respect to 
hydrochloric acid, and aliquots were plated directly, No incorporation of 
C'! was observed either in this experiment or in one in which a further 
supplement of formate was melded, Tn the latter case the non-radione. 
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Fic. 4. Time-course of decarboxylation, 0.2 wmole of oxalate was added at zero 
time to each of two series of tubes. At Arrow 1 a further addition of 0.2 umole of 
oxalate was made to one series. 


tive oxalate system was supplemented with 2 umoles of C'-formate (1.2 X 
¢.p.m.). 

Products of Reaction and Stoichiometry—Exhaustive incubation of oxalate 
with the complete system led to the formation of 1 mole of carbon dioxide 
per mole of oxalate added. The other product of the reaction could be 
separated by ion exchange chromatography on Dowex 1-C]. 2 umoles of 
oxalic acid (476,000 c.p.m.) were incubated at 32° under standard assay 
conditions in each of two Thunberg tubes. After 2 hours the reaction in 
one tube was terminated by the addition of alkali and was assayed for 
carbon dioxide in the usual manner. 0.83 umole (98,000 ¢.p.m.) of carbon 
dioxide was found to have been formed. The contents of the second tube 


3 More recently fractions of the oxalate system have been obtained which show 
negligible activity toward malonate. 
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were applied directly to a column of Dowex 1-Cl. After washing the col- 
umn with 30 ml. of water, it was eluted with a 0.02 m sodium chloride-0.015 
n hydrochloric acid solution. The elution pattern as followed by the ap- 
pearance Of radioactivity is shown in Fig. 5. 1.16 ymoles of oxalate 
(276,000 ¢.p.m.) were recovered as well as 0.82 pmole (97,000 ¢.p.m.) of a 
more readily eluted compound, ‘The latter was found to be a volatile acid 
and was identified as formie acid by oxidation of an aliquot of the eluate 
with mercuric acetate (18). OF the 16,650 e.p.m. subjected to oxidation 
16,200 pan, were recovered as carbon dioxide,  Authentie formic aeid 
yielded an identieal elution pattern, 


| 
FORMATE 500 Cpm 

OXALATE =? 75,700 Cpm 

A 

5 = 

tb 
= 
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OO | 

O 40 80 120 
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Fig. 5. Elution pattern of products of oxalate decarboxylation. Oxalie acid 
(476,000 c.p.m.) was incubated under standard assay conditions for 2 hours and trans- 
ferred to a lem. X 5em. Dowex 1-chloride column. The material was eluted with 
a NaCl (0.02 m)-HCI (0.015 n) solution, the eluate brought to pH 10, and aliquots 
assayed for radioactivity. Carbon dioxide which was determined separately ac- 
counted for 98,000 c.p.m. 


When 0.5 umole of oxalate was subjected to enzyme action under similar 
incubation conditions, the reaction went to completion. Equimolar quan- — 
tities of formate and carbon dioxide were recovered; oxalate was not found. 

Réle of Acetate—Incubation of the complete system in the presence of 
hydroxylamine (200 umoles) and acetate (10 umoles) led to the formation 
of a hydroxamic acid which was identified by chromatography (19) as 
acethydroxamic acid. In the absence of acetate and in the presence of 
oxalate, hydroxamic acid-reacting material was not formed. 

If the réle of CoA, ATP, and magnesium ions is solely to produce acetyl] 
CoA, then oxalate decarboxylation should be dependent only on ThPP 
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and acetyl CoA. That this is, in fact, the case is shown by the data of 
Table I. The further addition of CoA proves inhibitory. The require- 
ment for ThPP and acetyl CoA is again demonstrated (Table II) when 
acetyl phosphate and CoA replace acetyl CoA. From the data in Fig. 6 
it is evident that stoichiometric amounts of acetyl phosphate are required 
for oxalate decarboxylation. 


Replacement of Acetate by Acetyl CoA 


The incubation mixture ina volume of Gin micromoles) consisted of potas. 
sium phosphate at 100; KE, 50; 6; 0.05; oxalate, 2 


| 


None | 
Avetyl CoA, O4 pimole 
(1) UM 
0.08 pimvole 
My, 5 pmoles 
+ ATR, 5 pmoles 
+ CoA, 0.2 pmole 

TABLE II 


Replacement of Acetate by Acetyl Phosphate 


The incubation mixture in a volume of 1 ml. (in micromoles) consisted of potas- 
sium phosphate at pH 6.9, 100; KF, 50; GSH, 5; ThPP, 0.05; CoA, 0.2; acetyl phos- 
phate, 5; oxalate, 2. 


Incubation mixture 


pumoles 

Complete | 1.23 
— Acetyl phosphate 0.02 
— CoA | 0.07 
— ThPP 0.13 
— Mg | 1.21 
+ Arsenate (20 pmoles) | 0.05 


Although the presence of oxalate had no effect on the total quantity of 
hydroxamate formed when acetate was incubated with ATP, CoA, and 
magnesium ions, evidence of oxalhydroxamic acid formation has been ob- 
tained. In one experiment 5 umoles of CoA were used to supplement the 
standard incubation mixture. After incubation for 1 hour hydroxylamine 
was added, and the hydroxamic acids were extracted with ethanol by the 
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method of Stadtman and Barker (19). Aliquots of the final extract were 
chromatographed with phenol-water (1:1 volt per volt) (20) as the devel- 
| oping solvent. In this system oxalmonohydroxamic acid prepared chemi- 
| cally from monoethyloxalate (21) and enzymatically as described above 
| had an identical Py» of 0.08. Acethydroxamate in this solvent system was 
localized at an Ry of 0.65. Formyl hydroxamate (2, = 0.50) was not 
found, 
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Fic. 6. Stoichiometry of acetyl phosphate requirement. In addition to 0.7 umole 
or 1.4 umoles of acetyl phosphate the incubation mixtures contained 4 mg. of enzyme 
and the following (in micromoles) in a total volume of 1 ml.: potassium phosphate at 
pH 6.9, 100; KF, 50; GSH, 5; ThPP, 0.15; CoA, 0.1; oxalate, 2. Theoretical carbon 
dioxide formation is indicated by dashed lines. 

Fic. 7. Paper chromatogram of radioactive oxalhydroxamic acid. The details 
are discussed in the text. The incubation was conducted with (@) and without (O) 
exogenous ThPP. 


kéle of ThPP—In a similar experiment, 5 umoles of CoA were added to 
each of two tubes containing the usual incubation mixture, except that 
exogenous ThPP was absent from one tube. Both mixtures were incubated 
for 1 hour, treated with hydroxylamine, and extracted as described above. 
As C'4-oxalic acid was used, the presence of oxalhydroxamate was detected 
of by measuring radioactivity on the paper chromatogram. The results are 
detailed in Fig. 7. Approximately twice as much oxalhydroxamate was 
present in the experiment in which exogenous ThPP was not added as in 
the presence of excess ThPP. It appears, therefore, that ThPP is a limit- 
ing factor in the further metabolism of the ‘‘activated” oxalate. 
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DISCUSSION 


The work of several laboratories has disclosed an oxidative mechanism 
for carbon dioxide formation from oxalate (Equation 6) which enjoys 
ubiquitous distribution among mosses (22-25) and certain plants (22, 26). 


(6) Oxalate + O. — 2CO,. + 


The data presented here reveal a novel reaction responsible for the decar- 
boxylation of oxalic acid. In contrast to the oxidative reactions found in 
plants the decarboxylation reaction catalyzed by the bacterial enzymes 
proceeds anaerobically and requires acetate, ATP, CoA, magnesium ions, 
and ‘ThPP, 

It has been demonstrated that acetyl CoA is an obligatory requirement 
for oxalate decarboxylation, and it appears likely that oxalyl CoA is formed 
an the product of a CoA transfer renetion between acetyl CoA and oxalate 
(iiquation $).  Annalogoun reactions have been desernbed for CoA Cranater 
to ftatty nerds (27) nnd chearboxyhe (8 Phe of 
aed the present eyetem as taken ae evidence for the 
formation of oxalyl CoA, 

That ThPP ie an obligatory requirement of the oxalate decarboxylation 
system has been shown, and it is proposed that ThPP is direetly involved 
in the decarboxylation of monooxalyl CoA (Equation 4). Supporting this 
suggestion is the finding that in the absence of exogenous ThPP, oxalhy- 
droxamate accumulates in quantities greater than in the presence of ThPP, 
Previous work by Whiteley (32) on the decarboxylation of suecinyl CoA 
to propionyl CoA suggested a ThPP requirement for that system. 

Whether or not formyl CoA is a primary product of the decarboxylation 
reaction has not been established. It is to be noted, however, that evi- 
dence does exist for the participation of formyl CoA in other enzymatic 
reactions (27, 33) and that formyl CoA appears to be an extremely unstable 
compound. Indeed, the synthesis of both formyl CoA and oxalyl CoA has 
been attempted with negative results. Although a mixed anhydride of 
formic acid (34) could be formed, the addition of water to such a system 
resulted in the immediate formation of the free acids. Stoichiometric 
quantities of acetyl phosphate were consumed for oxalate decarboxylation 
whereas catalytic amounts would be expected to be required were a cyclic 
mechanism operative. Such cyclic mechanisms have been demonstrated 
for the decarboxylation of succinate (30) and malonate (31) in which cases 
the products of the reactions, 2.c. propionyl CoA and acetyl CoA, respec- 
tively, are utilized as CoA donors for the formation of succinyl CoA and 
malonyl CoA, respectively. It must, therefore, be concluded that either 
formyl CoA does not serve as a donor for the transferase reaction (Equa- 
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tion 3) or that its extreme lability leads to the hydrolysis of formyl CoA if 
it is formed. 

The data which have been presented and discussed above are consistent 
with Equations 3, 4, and 5 for the decarboxylation of oxalic acid in the 
presence of acetate, CoA, ATP, magnesium ions, and ThPP. 


SUMMARY 


A soluble enzyme system has been obtained from a bacterium isolated 
from soil which catalyzes the anaerobic decarboxylation of oxalic acid, 
Adenosine triphosphate, coenzyme A, acetate, magnesium ions, and thia- 
mine pyrophosphate are required for decarboxylation, When acetyl CoA 
in substituted, only ThPP is required, The data are in accord with the fol- 
lowing mechani: (1) of COA from neelyl C'oA to oxalate to form 
oxalyL CoA and (2) decarboxylation of oxalyl CoA in the presence of 
The decarboxylation of acid tn Chin results in Che formation 
quantities of carbon choxide and: formate. 
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16-SUBSTITUTED STEROIDS 
XVII. 5-ANDROSTENE-38, 168-DIOL AND 5-ANDROSTENE-38, 16a-DIOL 


By MAX N. HUFFMAN, MARY HARRIET LOTT, ann ALBERT TILLOTSON 
(From the Oklahoma Medical Research Foundation, Oklahoma City, Oklahoma) 


(Received for publication, March 9, 1956) 


In order to have them available for several of our animal and clinical test- 
ing programs at this Foundation, we have prepared the two diols, 5-andro- 
stene-38 , 168-diol and 5-androstene-3£ , 16a-diol. 

5-Androstene-388 , 168-diol is easily obtained by the sodium borohydride 
reduction of 5-androsten-3,-ol-16-one, a steroid which we synthesize (1) 
from the readily available dehydroepiandrosterone in 56 per cent yield, 
5-Androstene-38 , l6e-diol may be prepared from 5-androstene-3, , 168-diol 
by formation of the 3, 16-di-p-toluenesulfonate, followed by selective hydrol- 
yainat Cy and then epimerization (2) at Cys by our usual p-toluenesulfonate: 
acetate exchange reaction, 

A much better synthetic route to S-androstene however, in- 
volves the reduction of (1) to 
androsten-16-6-o0l, which is in turn tosylated and epimerized at Cys. This 
route furnishes a 39 per cent yield of the 16a-diol, based upon 5-androsten- 
33-ol-16-one (hemihydrate) as a starting material, 

Each of the 5-androstene-36 ,16-diols was characterized as the diacetate, 
as the dibenzoate, and as the 3-methyl ether. It is interesting to note that, 
of the three pairs of steroid-3 , 16-diacetates which we have now prepared, 
the 3,16a-diacetate always has a higher melting point than does its twin 
3,168-diacetate. Often this difference in melting point is striking, as may 
be seen from Table I. 

It is also to be observed (Table J) that the 3,16a-diacetate possesses a 
molecular rotation more negative than that of the 3,166-diacetate. This 
is particularly noticeable in the 5-androstene-36,16-diol pair. We consider 
this fact as further evidence that we have assigned (2) the a and 6 configura- 
tions at Cy. correctly, for it has been pointed out (3, 4) that in the previously 
known 16-oxygenated steroids the C,.-a-acetoxysteroid, in every instance, 
possesses a more negative molecular rotation than does the corresponding 
C16-B-acetoxysteroid. 

In the bioassay method of Hershberger, Shipley, and Meyer (5), 5-andro- 
stene-38,16a-diol and 38-methoxy-5-androsten-168-o0l showed neither 
androgenic nor myotrophic activity at the 3.5 mg. level, while at this level 
5-androstene-38 ,168-diol showed no androgenic activity and questionable 
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myotrophic activity.!. None of these three compounds inhibited! pituitary 
gonadotropin hypersecretion in the parabiotic rat at the 3.5 mg. 
level. These compounds, however, have much biologic interest (8). 


EXPERIMENTAL? 


5-Androstene-38 ,168-diol—For the best yield (Diagram 1) this com- 
pound is prepared from 5-androsten-36-ol-16-one (I) (1) (1.00 gm. in 50 
ml. of methanol) by slow reduction with sodium borohydride (0.8 gm. in 
10 ml. of methanol) at 0-5°. After 1.5 hours the steroid is precipitated 
with 5 per cent sodium chloride (1 liter), and the product recrystallized from 
60 per cent methanol (charcoal) to furnish an 88 per cent yield of good qual- 
ity diol (IV) melting at 143-144.5°. The melting point may be eventually 
raised to 146-147° by repeated recrystallization from 80 per cent methanol. 


| 
Comparison Of Cys Epimeric Acetates 
3, 16-diavetate Melting point mores par 
listradiol 4, diaeetate (6, 2) Cethanel) 
Petradiol 4, 1046 (J) 117 1 
Androstane 4a, 164 diol dinvetate (7) in 
Androstane 4A, diol de (7) 74-1745 
hf Androstene 44, diol diavetate* 125. 126 — | 


| The figures in parentheses are bibliographic references. 
* This publication. 
The crystals were dried to constant weight 7n vacuo over phosphorus pent- 
oxide at 80° before analysis (loss 5.86 per cent). 


Ci9H3002. Calculated, C 78.57, H 10.41; found, C 78.70, H 10.34 
[a]? —61° (c = 1.10 in 95 per cent ethanol as undried material) 


5-Androstene-38 ,168-diol Diacetate—5-Androstene-36 ,168-diol (IV), 99 
mg., melting at 145-145.5°, was acetylated in the usual fashion with acetic 
anhydride in pyridine. Crystallization from 80 per cent methanol gave 
long, flat, silky needles, melting at 125.5-126° (98 mg.). 


Co3H3,04. Caleulated, C 73.76, H 9.15; found, C 73.96, H 9.19 
[a]? —65° (c = 1.04 in chloroform) 


1 These bioassays were performed by the Endocrine Laboratories, Madison, Wis- 


consin, under the supervision of Dr. Elva Shipley. 
2 All melting points are uncorrected. Microanalyses and optical rotations are by 


Dr. Ek. W. D. Huffman. Denver. 
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We once observed a melting point of 127.5-128° for this compound, with 


a correct analysis. 
5-Androstene-3B ,168-diol Dibenzoate—5-Androstene-38 ,168-diol (IV), 
130 mg., melting at 143-144°, was benzoylated in pyridine (6.0 ml.) with 


CH CH 
CH3 CH3 
RO R,O 
I. R=H IW. R,=Re=H 
CWy VI. Wy Ro = 


* Vil. Rin 


CH 
0H 


CH3 


RO 


X. R=H 
XI. R=CH3 
D1aGRaM 1. The derivative marked with an asterisk has not been characterized. 
benzoyl chloride (1.5 ml.) at room temperature. The dibenzoate was re- 
crystallized twice from 95 per cent ethanol to give 155 mg. of fine silky nee- 


dles melting at 193-193.5°. This melting point can be raised eventually 
to 197-198". 


C33H3s0;. Calculated, C 79.48, H 7.68; found, C 79.52, H 7.69 
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Preparation of 5-Androstene-3B ,16a-diol via Intermediate 5-Androstene. 
3B , 16B-diol Di-p-toluenesulfonate—The 3 , 16-ditosylate (V) of 5-androstene. 
38 ,168-diol was formed as usual at ice bath temperature (813 mg. of crude 
diol (IV), 18 ml. of pyridine, 6 gm. of p-toluenesulfonyl chloride). After 
24 hours at room temperature, the diester was precipitated with ice water, 
filtered, washed well with water, and dried. The derivative was then dis- 
solved in alcohol-free acetone (82 ml.) and treated with water (27 ml.) con- 
taining sulfuric acid (5 drops). This solution was refluxed for 4 hours, 
water was added, and the solution distilled until turbid. The crude steroid 
(1.01 gm.) was recrystallized twice from aqueous acetone (charcoal) to give 
365 mg. of 5-androstene-3B , 16B-diol-16-monotosylate (V1), which melted un- 
sharply at 91-96°. However, the product was analyzed closely for the 
monotosylate. 


Cos6H3.0.8. Calculated, S 7.21; found, S 6.99 


Of this product (VI), 330 mg. were epimerized by the method previously 
described (2) for the Cys-8-hydroxy] derivative (0.80 gm. of freshly fused 
sodium acetate, 16 ml. of purified acetic acid; refluxed for 1 hour). The 
product was processed as usual, and saponified in 0.45 N aqueous metha- 
nolic potassium hydroxide during 24 hours at room temperature. The 
alkaline solution was then distributed between ethyl! ether and dilute alkali, 
and the ether washed once with dilute alkali and twice with water. The 
ethereal residue was recrystallized twice from acetone Skellysolve and 
twice from aqueous methanol to give 74 mg. of slender needles (X), melt- 
ing at 213-214", 

CyeHyO,. Caleulated, C 78.57, H 10.41; found, C 78.50, He 10.33 


Preparation of 5-Androstene-8B ,16a-diol via Intermediate 3B-Acctory-b- 
androsten-16B-ol p-Toluenesulfonate—5 - Androsten -38-ol-16-one (1), 992 
mg., m.p. 162-163°, was acetylated with acetic anhydride in pyridine and 
the 3-acetate (II) (1), obtained upon precipitation with water, was thor- 
oughly dried and used without further purification. It was dissolved in 
ethyl acetate (80 ml.) and the solution treated with sodium borohydride 
(0.8 gm.) in methanol (80 ml.) during 15 minutes at room temperature. 
The 38-acetoxy-5-androsten-168-ol (VII) was precipitated with ice water, 
filtered, washed well with water, and dried thoroughly at 40°. The steroid 
was then esterified with p-toluenesulfonyl chloride (2.0 gm.) in pyridine 
(20 ml.) at ice bath temperature in our usual fashion and the 3-acetate-16- 
tosylate (VIII) precipitated with ice water, filtered, washed thoroughly 
with water, and dried completely. The product was epimerized at Cig as 
previously described (3.2 gm. of freshly fused sodium acetate, 64 ml. of 
purified acetic acid; refluxed for 1 hour), after which it was saponified in 
0.5 N aqueous methanolic sodium hydroxide during 24 hours at room tem- 


wi 
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perature. The alkaline solution was partitioned between ethyl ether and 
dilute alkali, and the ethereal phase washed once more with dilute alkali, 
and twice with water. All alkali and water washes were extracted with 
another quantity of ether. Evaporation of the combined ether phases, 
followed by two recrystallizations from acetone-Skellysolve B and one re- 
crystallization from aqueous methanol, yielded 381 mg. (39 per cent) of 
5-androstene-38 , 16a-diol (X), melting at 213-214°. When very pure, this 
product melts at 216-217°. 


CisH3,0O2. Calculated, C 78.57, H 10.41; found, C 78.62, H 10.46 
[a]}***° —67° (c = 0.80 in dioxane) 


5-Androstene-3B ,16a-diol Diacetate—Pure 5-androstene-3£6 , 16a-diol (X), 
151 mg., was acetylated in pyridine (3 ml.) with acetic anhydride (3 ml.) 
during 48 hours. ‘The diacetate was recrystallized from methanol to give 
169 mg. of needle-like plates melting at 186.5-187.5°. Another recrystal- 
lization from methanol sharpened this melting point to 187—-187.5° (137 


mg.). 


Cos HygOy. Caleulated, C 73.76, H 9.15; found, C 73.84, H 9.16 
—88° = 1.07 in chloroform) 


5-Androstene-8B , (6cediol Dibenzoate— ‘This compound was prepared by 
benzoylation im pyridine as described under the section, “5-Androstene-36 , - 
dibenzoate,” ‘The melting point of the product after max recerystal- 
lizations from 95 per cent ethanol remained constant at TSO TSE" (plates), 


Caleulated, 70.48, 7.68; found, © 70.48, 7.72 


and — 
$6-Methoxy-5-androsten-16-one (IIT), 978 mg., m.p. 135-136°, re- 
duced with sodium borohydride (0.8 gm.) in methanol (80 ml.) at room 
temperature during 30 minutes. The reduced steroid was precipitated 
with a large amount of water (including 200 ml. of saturated sodium chlo- 
ride) and recrystallized twice from aqueous methanol (charcoal) to give 
700 mg. (IX) of material melting at 132-133°. Of this, 489 mg. were re- 
crystallized once from acetone-Skellysolve B and once from 80 per cent 
methanol to furnish 154 mg. of small, slender needles melting at 133.5—134°. 
Another recrystallization from aqueous methanol did not improve this 
melting point. 


CoH 3202. Calculated, C 78.89, H 10.59; found, C 79.02, H 10.54 
[a)*? —70° (c = 1.05 in 95 per cent ethanol) 


38-Methoxy-5-androsten-168-ol (IX), 1.34 gm., melting at 131-131.5°, 
was esterified with p-toluenesulfonyl chloride in the usual manner. The 
16-tosylate was then epimerized in the general fashion previously described 
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(fused sodium acetate in acetic acid), and saponification was accomplished 
by refluxing its solution in aqueous methanolic potassium hydroxide. The 
crude product obtained from the saponification mixture was washed well 
with water and thoroughly dried. It was recrystallized twice from Skelly- 
solve B and once from aqueous methanol to furnish fine, short needles 
melting at 139-140° (487 mg.). Another recrystallization from aqueous 
methanol did not change this melting point of the 38-methoxy-5-androsten- 
16a-ol (XI). The product was dried to constant weight in vacuo over phos- 
phorus pentoxide at 80° before analysis. 


Co2oH3202. Caleulated. C 78.89, 10.59 
Found. (a) 78.80, 10.47 
(b) 78.77, 10.56 


SUMMARY 


The preparations of 5-androstene-38 ,168-diol and 5-androstene-3£, 16a- 
diol are described. Each of these diols was characterized as the diacetate, 
the dibenzoate, and the 3-methyl ether. 


The authors are especially indebted to the Lasdon Foundation, Inc., 
Yonkers, New York, for financial assistance rendered during the course of 
this investigation, 
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NUCLEOTIDE METABOLISM 


VI. THE PHOSPHORYLATION OF 5’-CYTOSINE AND GUANINE 
NUCLEOTIDES BY CELL FRACTIONS FROM RAT LIVER* 


By EDWARD HERBERT? anp VAN R. POTTER 


(From the McArdle Memorial Laboratory, Medical School, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, February 27, 1956) 


The natural occurrence of guanine, cytosine, and uracil nucleotides in 
forms analogous to ADP! and ATP (1-4)? in the acid-soluble fraction of 
living tissues makes it desirable to determine whether these nucleotides can 
substitute for adenine nucleotides in such reactions as oxidative phosphory]- 
ation, in addition to their role as part of the total nucleotide pool that serves 
as a source of specific coenzymes and structural units for the nucleic 
acids (1). 

Recent work has established specific coenzyme functions for uracil (5, 6), 
cytosine (7), and guanine (8, 9) nucleotides. It has also been shown (10) 
that injected inorganic P* is incorporated into the di- and triphosphates of 
all four nucleotides at nearly the same rates, suggesting that all the nucleo- 
Hides might be receiving their terminal phosphates from a common donor, 
An the new nucleotides became available in quantity, thei behavior in the 
reachions of oxidative phosphorylation was studied with isolated and 
combined cell fractions from rat iver, Tt wan reported (11) that rat liver 
mitochondia carrying on oxidative phosphorylation cannot phosphorylate 
UMP an marked contrast to AMP. However, UDP could be phosphoryl 
ated by the same system, and UMP could be phosphorylated by enzymes 
that occur elsewhere in the cell (11). With P-labeled TP and ATP it was 
shown that the adenine nucleotides accept phosphate preferentially from 
oxidative phosphorylation donors and transfer phosphate to uracil nucleo- 


* This work was supported in part by a grant (No. C-646) from the National Can- 
cer Institute, United States Public Health Service. 

t Postdoctorate Research Fellow, National Heart Institute, National Institutes 
of Health, United States Public Health Service. Present address, Department of 
Biology, Massachusetts Institute of Technology, Cambridge, Massachusetts. 

1The abbreviations used are AMP, ADP, and ATP, adenosine-5’-mono-, di-, and 
triphosphates; CMP, CDP, and CTP, cytidine-5’-mono-, di-, and triphosphates; 
UMP, UDP, and UTP, uridine-5’-mono-, di-, and triphosphates; GMP, GDP, and 
GTP, guanosine-5’-mono-, di-, and triphosphates; PCA, perchloric acid; IP, inor- 
ganic phosphate; SA, specific activity in counts per minutes (c.p.m.) per micromole; 
RNA, ribonucleic acid; DNA, deoxyribonucleic acid. 

* Communication from Dr. S. A. Morell of the Pabst Laboratories relating to iso- 
lation of CTP by Dr. S. H. Lipton, Dr. S. A. Morell, and Dr. A. Frieden. 
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tides. The present study extends these findings to guanine and cytosine 
nucleotides. 

This study and the previous reports (11, 12) have as their immediate ob- 
jective the management of the various nucleotides in homogenate systems. 
It is assumed that such studies will be helpful in the long range objective of 
using homogenates and cell fractions to study RNA and DNA synthesis, 
adaptive enzyme formation, and similar phenomena. 


EXPERIMENTAL 


Cell Fractionation—For reasons to be discussed later, the “cytoplasmic 
fraction” from rat liver cells was used in all of the enzyme studies reported 
here, except those in Table I and Fig. 6. The method of preparing this 
fraction has already been described in detail (11). It consists of the super- 
natant fluid and one wash solution obtained by centrifuging the nuclei at 
600 X g. 

Reaction Systems—The standard medium was made up in order that each 
3.0 ml. of final reaction mixture would contain the following, the figures in 
parentheses representing the final concentrations: 15 wmoles of potassium 
pyruvate (0.005 m), 15 umoles of potassium glutamate (0.005 M), 6 umoles 
of potassium fumarate (0.002 m), 9 umoles of MgCl. (0.003 m), 30 umoles of 
potassium phosphate buffer at pH 7.2 (0.010 m), 160 equivalent mg. of 
cytoplasm, corresponding to the mg. wet weight of the liver, and sufficient 
solid sucrose to make the final concentration 0.25 mM. The incubations were 
carried out at 30° as previously described (11), with details of nucleotide 
additions given in ‘Table I or Figs, | to 6. 

It, should be pointed out that, instead of adding a single nucleotide or 
pair of nucleotides, it was more convenient and equally satisfactory to add 
the nucleotide preparations that were available, even though they con- 
tained more than one compound, and to determine the concentrations of 
each of the nucleoside or nucleotide products formed in the stated inter: 
vals of time, with a so called zero time control for each reaction mixture, 
This point was taken within less than 30 seconds after the reaction had 
started and temperature equilibrium had been reached. ‘This procedure 
was preferred because in most reaction systems the use of any pair of nu- 
cleotides with dissimilar bases rapidly led to the production of both nu- 
cleosides and the mono-, di-, and triphosphates of each. However, with 
the analytical systems used, the concentration of each of the eight products 
was readily determined. The values at “zero time’ are thus analytically 
determined and not assumed on the basis of what was added. 

Analytical—The separation and quantitative analysis of the nucleotides 
in the supernatant liquids were accomplished by chromatography on Dowex 
1 (X 10), 200 to 400 mesh anion exchange columns (3.0 cm. by 0.78 sq. cm.), 
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mounted in glass columns (15 cm. long and sealed to Erlenmeyer flasks 
which were reservoirs for the eluent solutions). The preparation of the 
resin and the columns and the placement of the samples on the columns have 
already been described in detail (11). The procedure used here is a modi- 
fied version of that employed by Herbert eZ al. (11) for the separation of 
adenine and uracil nucleotides and by Hecht e¢ al. (12) for the separation of 
adenine and cytosine ribose and deoxyribose nucleotides. Fig. 1 illustrates 
how elution with formic acid at pH 2 has been combined with ammonium 
formate elution at pH 5 to achieve the separation of the products of phos- 
phorylation of CMP in the presence of the adenine nucleotides.* The 


TABLE I 


Activity of Isolated and Recombined Cell Fractions in Phosphorylating 
Cytidine-5’-Monophosphate 

In addition to the usual oxidative phosphorylation reactants each flask initially 
contained 3.0 ml. of incubation mixture with the following additions: 1.5 wmoles of 
CMP, 0.7 umole of ATP, 10 uzmoles of IP, and 160 equivalent mg. of the cell fractions. 
The incubation period was for 30 minutes. The cell fractionation procedure was 
performed as previously described (11). The S. fraction is the supernatant fluid 
above the mitochondria and includes the microsomes and ‘‘fluffy layer.’’ 


Net change in concentration of phosphate, cytidine, 
and cytosine nucleotides 


Cell components added 


IP Cytidine CDP CTP 
pmoles pmoles pmole pmoles 
Mitochondria +0.10 0 +0.10 
Mitochondria Sy 47 0) 10.20 
Whole homogenate. 3.6 10.16 10.25 


composition of each peak in the chromatogram was determined in a manner 
deseribed elsewhere (11). The chromatographic separation of adenine and 
quanine nucleotides was performed in the following way. After AMP was 
eluted with 0.2 N HCOOH, six 5 ml. portions of 1.5 Nn HCOOH followed by 
the same number of portions of 1.7 N HCOOH were used to elute GMP. 
ADP was eluted next with six 5 ml. portions of 2.5 n HCOOH followed by 
the same number of portions of 3.0 N HCOOH. GDP was eluted next with 
8 to 10 ml. portions of 4.0 Nn HCOOH in 0.15 Mm ammonium formate. 
Then ATP was eluted with eight 5 ml. portions of 4.0 n HCOOH in 0.3 m am- 
monium formate and, finally, GTP with six 5 ml. portions of 4.0 n HCOOH 


3 Another unknown compound which is formed in small quantities during the in- 
cubation is eluted by wash a solution (4 Nn HCOOH in 1 m Na formate) which is run 
through the column after the last eluent listed in the chromatogram in Fig. 1. 
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in 0.4 M ammonium formate followed by six 5 ml. portions of 4.0 n HCOOH 
in 0.6 M ammonium formate. Thus techniques for separating the adeno- 
sine phosphates from any other series of ribonucleoside phosphates are 
available. Separations of more complex mixtures have not been attempted 
on a routine basis. 


Ox I5 MINUTES 
Z om = 
g | -|' 
MINUTES 
INCUBATION = 
q a 
a. 


hia. 1. Chromatographic separation of the eytosine and adenine nucleotides and 
the distribution of radionelivily after 16 minutes incubation of the “oy 
fraction’ of rat liver with COMP and Te? The height of each step in the erases 
hatuhed areas represents the counts per minute peril fraction eluted 
from the column, while the height of the areas under the dark lines ie the Moe The 
eluents weed are listed in the upper chart Phe volume of each fraction was 
for water, OOF and O7 AMP formated, and 
hoaml. for the remainder of the eluents. Tn addition to the standard components, 
each ml. of the reaction mixture initially contained 2.85 pmoles of COMP, 1.7 pimoles 
of ATP, and 26.4 pmoles of TP containing 237,000 e.pim. of P&. The volume of the 
reaction mixture was initially 7.0 ml. The spaces between eluents serve to empha- 
size that different solutions were used to elute each compound. 


In addition to reading all the fractions eluted from the columns at 260 
my in a model DU Beckman spectrophotometer, the peak tubes were also 
read at either 275 my or 278 my. Since the adenine and cytosine nucleo- 
tides exhibit very different [275/250 ratios (1.9 to 2.0 for the cytosine nu- 
cleotides and 0.40 for the adenine nucleotides), these ratios were used as an 
indication of the purity of the fractions. All fractions containing cytidine 
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in some form were acidified to about pH 2 with concentrated HCl before 
reading. The quantities of the nucleotides in the column fractions were 
calculated by using molecular extinction coefficients of 13,700 for each of 
the cytosine nucleotides in acid solution at 278 my, 14,100 for each of the 
adenine nucleotides at 260 my, and 12,700 for each of the guanine nucleo- 
tides at 260 my (2). The numbers which appear in Figs. 1 to 6 and Table 
I as micromole quantities represent the nucleotide or IP content per 3.0 ml. 
of the final reaction mixture, obtained by adding up the values from all of 
the appropriate fractions. 

The P*? used here was obtained in carrier-free form from the Oak Ridge 
National Laboratory of the Atomic Energy Commission.‘ Radioactive 
counts were made directly on the samples as they were eluted from the col- 
umns with a Geiger-Miiller dip counter and a Berkeley decimal scaler.‘ 
The calculation of the specific activities reported here is based on the aver- 
age of counts on at least four successive 5 ml. fractions. Only those frac- 
tions that exhibited the proper F275/F'o0 ratics were used in making these 
calculations. The cross-hatched areas in Fig. 1 show the distribution of 
radioactivity following a 15 minute incubation of 160 equivalent mg. of 
cytoplasm with IP, CMP, and ATP. It is clear that there is a close cor- 
respondence between the F209 (height of the areas under the dark lines) and 
the distribution of the radioactivity. 


Results 


Phosphorylation of CMP —Vhe chromatogram in big. illustrates the 
prinary analytical data which form the basis of Pigs. 2 to 6. Tt shows 
that following a meubation of liver fraction’? with 
and ATR the ovidative phosphorylation system at 
allot the COMP ois converted to CDP and Tt should also be 
noted that onee ts atlamed ae itis here much larger anounts 
TP than CDP in agreement with the tine etidies to he re: 
ported tater, “Phe figure also demonstrates the oxidative uptake of im- 
organie into ADPL AEP, CDP, and CPP, but not AMP or COMP, whieh 
forms the basis of experiments reported later, 

Localization of Enzymes That Phosphorylate Cytosine Nucleotides—TVable I 
shows the results obtained with various combinations of cell fractions, with 
CAP as the initial nucleotide. It 1s clearly shown that mitochondria alone 
were unable to form either CDP or CTP and a slight breakdown to cytidine 
vecurred. When mitochondria and the supernatant fluid from them (S2) 
were recombined the CMP was converted in high yield to CDP and CTP, 
while the S. fraction alone could form a small amount of CDP. These two 


‘The counting was performed under the supervision of Dr. Charles Heidelberger 
to whom we acknowledge this valuable help. 
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fractions together constitute the ‘“‘cytoplasmic fraction,’”’ which is here 
shown to be superior to the whole homogenate in terms of the extent of phos- 
phorylation. This fact arises from the tendency of the nuclear fraction to 
dephosphorylate CMP to cytidine, as also shown by comparison of mito- 
chondria and nuclei to mitochondria alone. In terms of the contributions 
of each fraction, nuclei dephosphorylate CMP, the 82 fraction converts CMP 
to CDP, and the mitochondria convert CDP but not CMP toCTP. These 
results parallel those obtained with UMP (11). It should be emphasized 
that in Table I the amount of ATP was insufficient to form 1.1 umoles of 
CTP and 0.2 umole of CDP in the absence of oxidative phosphorylation. 
This leads to the question of whether the phosphorylation of CMP and 
CDP can be directly coupled to oxidative processes or whether ATP inter- 
venes. This question could be partially answered by testing in the usual 
manner non-radioactive pools of the hypothetical intermediate, z.e. ATP, 
in diluting radioactive IP, in the course of its incorporation into CTP dur- 
ing oxidative phosphorylation. Secondly it could be attacked by deter- 
mining whether labeled ATP could label CTP in the presence of non-labeled 
inorganic phosphate. Before proceeding to these experiments, the rapid 
interaction of the cytidine and adenine nucleotides in the oxidative system 
was studied by non-radioactive methods. 

Comparison between Time-Course of Phosphorylation of AMP and CM P— 
In Fig. 2 the time-course of the phosphorylation of CMP in the presence 
of added ATP (A and B) is compared with that of the phosphorylation of 
AMP in the presence of added CTP (C and D). The general similarity of 
the two cases can easily be seen. It should also be noted that with the 
disappearance of CMP (A) and AMP (C) there is a corresponding decrease 
in ATP at 2 and 4 minutes (4) and CTP (D) at 2 minutes, respectively, 
The fact that the theoretical amounts of orthophosphate calculated trom 
the observed changes ii the nucleotides (dotted lines, A and are almost 
identionl with the actually determined yvalies at and 4 shows 
that reactions outpace oxidative phosphorylation 
the period of the iitial decrenses CPP and ATES The data in 
Vig show that interaction among the cytosine and adenine 
is very rapid and that they approach the same steady state regardless of 
whether the initial svstem contains CMP and ATP or AMP and CEP. 

P® Studies on Pathway of Incorporation of TP? into CTP ‘The following 
diagram represents a highly simplified version of two alternative pathways 


5 It has frequently been noted as in the case above that the experimentally de- 
termined values of IP indicate a greater uptake of phosphate than the theoretical 
values in the later time periods. This may indicate that another unidentified phos- 
phate compound accumulates in the later time period. 


| 
it 
| 


E. HERBERT AND V. R. POTTER 459 


B 


TOTAL ADEN. NUC. 


MICROMOLES 


: 

oO 

ta) 

cop 

> 

= CMP 
i q 
4 


MINUTES INCUBATION 
hig. 2. Comparison of the time-course of phosphorylation of CMP with that of 
AMV. A and show the time course of CMP phosphorylation in the presence of 
wdded ATH, while and show the time course of AMP phosphorylation in the 
presenee of added ta addition to the standard components each 40 of the 
Contained the showin ‘The initial ineubation volume 
whe Otel ease ‘The dotted lites show the inorganic phosphate values that 
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Three kinds of experiments were carried out to determine which of the 
two pathways suggested in the diagram predominates in intact mitochon- 
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dria. In the first kind of experiment three complete reaction mixtures 
were prepared in duplicate with IP? and mitochondria in each. Non- 
radioactive ATP was added to Flask 1, and non-radioactive CTP was 
added to Flask 2, and both were added to Flask 3. From the above dia- 
gram it is clear that the occurrence of Pathways 3 and 4 (cf. (Fig. 2)) should 
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Fic. 3. A comparison of the rate of exchange of IP? with ATP and CTP. The 
specific activities of the terminal phosphates of the triphosphates and diphosphates 
are plotted relative to that of IP in Charts A and B, respectively. Curve | is from 
the incubation of IP® with ATP, Curve 2 from incubation of IP with CTP, and 
Curve $ from incubation of ATP and CTP in the same flask with IP. The di- and 
triphosphates were synthesized in the same flasks in which the experiment was car 
ried oul by preimcubation for 12 minutes of 160 equivalent mg. of eytoplasi and 
Oxidative substrate with AMP in Flask 1, CMP in Plask 2, and CMI and AMP in 
Vlask Al tine was added, and samples were removed successively al 
4, intervals ‘The total counts per accounted far as ey 
wilition bo the each TO tal of the final oon 
taining HOR pom in Bleak of O74 of O48 
OF CDP O70 pmole of OTR, and 7.0 of TP containing P28 00006 pom in Bleek 


diminish the radioactivity in both ATP and CTP in Flask 3 by simple di 
lution,® as compared with Flask tor 2. The occurrence of either Pathway 
1 or Pathway 2 on a preferential basis should result in a greater radioae- 
tivity in the corresponding product. The data in Fig. 3’ show that in 


* In none of the P*? experiments reported here did the monophosphates have de- 
tectable radioactivity. 

’ The justification for plotting the results this way is given in a previous paper 
(11) in which it was shown that there is very close agreement between the SA of the 


e 
| 
i 
| 


E. HERBERT AND VY. R. POTTER 461 


Flask 3 the ATP and CTP are both much less radioactive than when either 
nucleotide is present alone (Flasks 1 and 2), and in addition the initial 
labeling is preferential with respect to ATP, since at the 2 minute time 
point the ATP in Flask 3 is much more radioactive than the CTP. The 
crossing of the curves is due to the movement of P® from ATP to CTP, 
and this phenomenon is utilized in another type of experiment described 
below. The data for the diphosphates show that in this case, also, the 
adenine nucleotide is labeled slightly preferentially. These data show that 
Pathway 2 is less important than Pathway 1. 

Further evidence for the preferential occurrence of Pathway 1 was ob- 
tained by a reaction system in which IP was not labeled and ATP was 
labeled 


Oxidative ATP 


phosphorylation 

Primary 2 

donor systems ~~ CTP 


In this system the labeling of the CTP pool by the labeled ATP (Reaction 
3) would compete with any direct labeling from non-radioactive inorganic 
phosphate (Reaction 2) that might occur. This system was set up by first 
preparing a complete reaction system containing both mitochondria and 
the supernatant fractions (cytoplasmic fraction) which is capable of phos- 
phorylating AMP, ADP, CMP, and CDP, as shown earlier. ‘To this were 
added IP* and AMP. After 10 minutes of preincubation (not shown in 
lig. 4) the flask contained labeled ADP and A'T'P, as shown at “zero time” 
in big. 4. At this time a large pool of non-labeled IP was added to render 
the pool of IP relatively non-radioactive, and nonlabeled CMP was also 
wlded A was immediately taken to give the data shown at ‘vero 
line’ Pig 4, when the BA of ATR was about tines that of the TP, 
CDT or wae present. Sines the SA of CDP aad 
by are much higher than that of ATE and many times 
that of TH, it ie clear that the rate along Pathway 4 greatly exceeda the 
rate of Pathway 2 under these conditions, That Pathway | is also rapid 
isshown by the rapid flow of non-labeled TP into ATP. The fact that the 
total counts per minute accounted for as cytosine and adenine nucleotides 
and IP remained almost constant at 2 and 4 minutes would indicate 


terminal phosphate of UTP and ATP calculated by difference and those actually 
measured by determining the SA of ADP and UDP resulting from the partial hy- 
drolysis of the UTP and ATP samples. The results shown here are a valid measure 
of the P?? exchange, since the concentrations of IP, ATP, and CTP remained constant 
during the entire course of the incubations. The errors involved in the procedure 
have been treated statistically and reported (11). 
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further that most of the P®? incorporated into CDP and CTP comes from 
ATP. Thus it appears that ATP turns over much more rapidly with re- 
spect to the large non-radioactive IP pool than CTP while transferring its 
P# to CMP and CDP, 7.c. Reactions 1 and 3 are much more rapid during 
CTP synthesis than 2 and 43 
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A third type of experiment is shown in Pig. 5 which gives a comparison 
between the effect of a non-radioactive ATP pool on the rate of incorpora- 
tion of TP? into CDP and CTP during their synthesis from CMP (Chart 
A) and the effect of a non-radioactive pool of CTP of comparable size on 
the incorporation of IP# into ADP and ATP during their synthesis from 


* When CTP was labeled with P*? and the synthesis of ADP and ATP from AMP 
was studied in a manner similar to that shown in Fig. 5, it was found that the termi- 
nal phosphate of ATP had lower SA than CTP at 2 and 4 minutes. 
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AMP (Chart B). The data plotted here are from the same experiment 
used to construct Fig. 2 in which the corresponding changes in the amounts 
of the nucleotides are shown. Chart B in Fig. 5 shows that at 2 minutes 


TP= TERMINAL PHOSPHATE 
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hig Phe dilution effeet of non radioactive pools of ATT and on the in 
corporation of TP inte the and triphosphates at cytidine and adenosine during 
their trom COMP and AMV, respectively ‘The lett hand chart shows the 
af (he tadioaetive ATT on the of lite 
CUM amd the hand ehart the effect af ton tadigaetive CTT an 
paration do AD aad 2) addition te the etandared 
of the reaetion mieture contained the at 
lime goroin Vig ‘The eounte per minute for aa the eytoaine and ade 
nine nueleotidea and TP varied lesa than per cent during the course of the ineuba 
lion in bothexperimenta. Theinitialineubation volumes were in both cases, 
and the total counta per minute were 500,000 per FO ml TP = terminal phosphate. 

lia. 6. A comparison between the effect of mitochondria on GMP (upper chart) 
and GDP (lower chart). In addition to the usual components, each 3.0 ml. of ineu- 
bation mixture initially contained the nucleotides shown in both charts at zero time 
in one mixture, 


the SA of the terminal phosphate of newly synthesized ATP is 3 times that 
of CDP and twice that of CTP. When the situation is reversed, 7.e. syn- 
thesis of CTP and CDP from CMP is studied in the presence of non-radio- 
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active ATP, the terminal phosphate of ATP has about the same SA as 
that of CTP and is higher than that of CDP at 2 minutes. Thus, under 
these conditions, the predominant pathway for incorporation of IP* into 
ADP and ATP during synthesis from AMP does not involve the cytosine 
nucleotides as intermediates, but the adenine nucleotides appear to be on 
the main pathway of CDP and CTP synthesis from CMP. 

Phosphorylation of Guanine Nucleotides—In view of the results with ura- 
cil (11) and cytosine nucleotides it was of interest to determine whether 
GMP and GDP would react like the pyrimidines or like adenine nucleo- 
tides. A sample of GDP containing a small amount of GMP was incu- 
bated with rat liver mitochondria and a mixture of ADP and AMP in the 
oxidative phosphorylation system (Fig. 6). The GMP concentration re- 
mained constant, but the GDP was converted to GTP after a lag during 
which the ADP was converted to ATP. Thus it appears that GMP can- 
not be phosphorylated by mitochondria. Separate experiments showed 
that the supernatant fraction from mitochondria phosphorylates GMP. 
Further studies with P*? are needed to evaluate the acceptor réle of GDP 
(9) in this type of preparation. 


DISCUSSION 


It is clear that the activities dealt with in this and the earlier reports 
(11, 12) are analogous to those of various extracts with ‘‘ nucleoside mono- 
phosphate kinase” (13) and ‘nucleoside diphosphokinase” (14) activities 
plus the enzymes of oxidative phosphorylation. However in previous re- 
ports there does not appear to have been complete agreement as to the 
separation of the first two activities or as to their specificities, A calf liver 
extract would not catalyze the reaction between UTP and UMP, IMP, or 
CMP in the absence of adenine nucleotides (15, 16), while a yeast extract 
apparently waa active in the absence of added adenine nucleotide (1), 
One extract (15) would phosphorylate both mono: and diphosphates, 
while other reporta dealt, with an extract about which it waa stated “nucleo: 
side monophosphates do not participate in the reaetion’ (17, 18), These 
reports are of value in demonstrating the existence and properties of various 
types of enzyme activities and may help to interpret the present data, but 
they cannot possibly predict the present findings nor can they predict the 
proportional disposition of individual nucleotides among alternative path- 
ways in whole tissues, or the partition of the various activities in various 
parts of the cell. 

The present and previous reports (11, 12) show that rat liver mitochon- 
dria can phosphorylate any of the nucleoside diphosphates but lack nucleo- 
side monophosphate kinases (13, 15, 16) or enzymes similar to adenylate 
kinase (19, 20) for phosphorylating the monophosphates other than AMP. 


E. HERBERT AND V. R. POTTER 465 


The significant point is that the mitochondria do contain adenylate ki- 
nase and that this enzyme does not act on CMP, UMP, or GMP in mito- 
chondrial preparations under any conditions studied. 

These facts may help to elucidate certain aspects of the biochemical 
organization of mitochondria and the rdle of adenine nucleotides in the 
regulation of oxidative phosphorylation (21-23). Recent studies by Sieke- 
vitz and Potter (21, 22) on P® incorporation and turnover suggest that 
adenylate kinase may be present at two sites in rat liver mitochondria. 
One site is in an ‘‘inner zone,” also the site of oxidative phosphorylation 
(21-23), and the other is in an ‘“‘outer zone” which is in contact with the 
surrounding medium. These two “‘zones’’ are separated by some sort of 
permeability or enzymatic barrier, and the phosphorylated form of adeno- 
sine which most readily penetrates this barrier to the site of oxidative 
phosphorylation is AMP. Now if this barrier behaves in a similar manner 
toward the uracil, cytosine, and guanine nucleotides, then the phosphoryl- 
ation of CDP, UDP, and GDP would occur chiefly in the ‘outer zone” 
and would occur by reaction with ATP rather than with donors in the 
hydrogen transport system, as the present work indicates. Furthermore, 
since mitochondria lack enzymes like adenylate kinase for converting 
UMP, CMP, and GMP to their diphosphate forms, it would follow that 
ADP would be the only phosphate acceptor of those tested that would be 
present in appreciable quantities at the site of oxidative phosphorylation 
in the inner zone. Consistent with this idea is the finding that the ratio 
of the amount of adenine nucleotides to the other kinds of nucleotides is 
much higher in the mitochondria than in the rest of the cell (21). The 
rate of oxidative phosphorylation then might depend upon the level of 
AMP in the “inner zone,” and this level in turn would depend upon shifts 
in the equilibrium of the reaction catalyzed by adenylate kinase in the 
“outer gone” 
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response fo the rate at which and ADP are used up in other parts 
ofthe cell, ‘This does not mean that ADP would be the primary phosphate 
acceptor in all of the reactions of oxidative phosphorylation, because Sanadi 
etal, (9) have shown that GDP is a phosphate acceptor between succinyl- 
coenzyme A and ADP during the reduction of diphosphopyridine nucleo- 
tide with purified a-ketoglutaric dehydrogenase. 

The fact that ATP is present in such high concentration in the mito- 
chondria also suggests that it is the adenine nucleotides that take part in 
the widest range of energy-requiring reactions of the cell. The large 
amounts of ATP formed in the mitochondria must be released into the 
supernatant solution (21-23) and then take part in transphosphorylations 
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with the other nucleotides, while other parts of the cell maintain the réle 
of utilizing the high energy compounds for nucleic acid synthesis and cer- 
tain coenzyme syntheses (24). The fact that enzymes for phosphorylating 
CMP, GMP, and UMP (11) to the diphosphates and UDP-glucose to UTP 
(24) exist in the supernatant fluid from mitochondria and nuclei is consist- 
ent with this idea. 

Although the present findings with P* indicate that the adenine nucleo- 
tides behave as preferential intermediates with respect to the uracil and 
cytosine nucleotides, they provide no basis for deciding whether or not 
they are obligatory intermediates.®° It should be remembered that the 
results of P®? studies reported here represent the net effect of many reac- 
tions which are organized in the mitochondria to form the pattern of oxida- 
tive phosphorylation, and it is not surprising that, when the individual re- 
actions that make up this pattern are studied, some reactions appear to 
be specific for individual nucleotides while others are satisfied by two or 
more different nucleotides (9, 22, 23, 25-27). These studies provide a 
foundation for further studies on more complex phenomena such as nucleic 
acid synthesis. 


SUMMARY 


It has been demonstrated that the ‘‘cytoplasmic fraction” from rat liver 
cells is capable of phosphorylating cytidine-5’-phosphate to cytidine di- 
and triphosphates during oxidative phosphorylation. As in the case of the 
uracil nucleotides, mitochondria have no effect on cytidine-5’-phosphate 
and guanosine-5’-phosphate, but will phosphorylate guanosine diphosphate 
to guanosine triphosphate. Rapid transphosphorylations have been shown 
to take place between the adenine and cytosine nucleotides. The results 
of experiments in which P*? was used as an indicator strongly suggest that 
adenosine triphosphate is an intermediate phosphate acceptor in the incor- 
poration of inorganic phosphate into cytidine diphosphate and cytidine 
triphosphate during their formation from cytidine-5’-phosphate. 
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counting. 
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*The present data are in complete harmony with the interesting findings of 


Cooper, Devlin, and Lehninger (28) which appeared after the present report was 
submitted. 
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ACTION OF B-AMYLASE ON BRANCHED OLIGOSACCHARIDES * 


By RUSS SUMMER anp DEXTER FRENCH 
(From the Department of Chemistry, Iowa State College, Ames, Iowa) 


(Received for publication, January 30, 1956) 


It has been shown by methylation studies that the $-amylase limit 
dextrin of amylopectin contains all the end-groups, and consequently all 
the branch points, found in the original amylopectin molecule (1). From 
this work it was concluded that the end-groups of the £-limit dextrin con- 
tained, on the average, 1.5 glucose units. More recently other workers 
have subjected the 8-limit dextrin to the action of R-enzyme (2), and, from 
the nature of the resulting products, it was suggested that on the average 
the B-limit dextrin end-groups were 2.5 glucose units in length. 

In this laboratory a study of the action of B-amylase as it approaches 
an a-1,6 linkage has been carried out. Branched oligosaccharides of low 
molecular weight were prepared and subjected to the action of B-amylase. 
These model substrates are analogous to the branch points found in amy- 
lopectin or glycogen, and were somewhat easier to study than the natural 
molecules of high molecular weight. Experiments indicate that the rate 
of B-amylase action gradually falls as the a-1,6 linkage is approached, and 
that it might be impractical, if not impossible, to attain an absolute limit 
dextrin. Evidence is also presented that, on the average, the end-groups 
of the limit dextrin would never be any shorter than 2.5 glucose units. 
Apparently the glucose units on one chain have an effect on the ability 
of B-amylase to act on the glucosidic linkages of the opposite chain. 


Materials and Methods 


Enzymes—Crystalline sweet potato B-amylase, kindly supplied by Dr. 
Schwimmer, was used. The Bacillus macerans amylase was prepared and 
purified according to a method described by Norberg (3), and the R-en- 
zyme was prepared from broad beans (4). 

Paper Chromatography—Eaton and Dikeman No. 613 filter paper (8 X 
83 inches) was used in the preparation of chromatograms by the ascending 
method. The solvent system consisted of three parts water, four parts 
pyridine, and six parts 1-butanol by volume (3:4:6). The alkaline copper 
spray reagent was followed by the phosphomolybdic acid as described by 
Wild (5). 

* Journal Paper No. J-2836 of the Iowa Agricultural Experiment Station, Project 
1116. Supported in part by a grant from the Corn Industries Research Foundation. 
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After each chromatogram had been developed as indicated, a recording 
was made with a Photovolt densitometer, model No. 425, which was 
equipped with a scanning stage for semiautomatic plotting, a slit aperture 
1 X 15 mm. being used. Since the intensity of the background of a chro- 
matogram was extremely variable, the background was set at an optical 
density of 1.0 * 10-' in each case. Such recording is actually a plot of the 
distance from the point of application of the spot against the optical den- 
sity, and, although it did not prove to be particularly helpful in a quanti- 
tative estimation of concentration, it was of value as a permanent non- 
fading record. 

Panose-Coupled Products—The panose-coupling reaction was used to 
prepare a mixture of branched oligosaccharides of varying degrees of poly- 
merization. This mixture was then separated by mass paper chromatog- 
raphy into fractions having the same degree of polymerization. 

A reaction mixture containing 1 gm. of panose, 1 gm. of a-Schardinger 
dextrin, 45 units of B. macerans amylase, and a grain of thymol was incu- 
bated at 40° for 5 days. At this time 15 more units of B. macerans amylase 
were added, and incubation was continued at 40° for 12 days. At the 
end of this period the solution was filtered and concentrated, and the sirup 
was added to the top of a carbon-Celite column containing 50 gm. of ad- 
sorbent. The column was washed with 400 ml. of 10 per cent ethanol. A 
paper chromatogram indicated that large amounts of the products of low 
molecular weight, including panose, had been washed off the column, 
which was then washed with 300 ml. of 25 per cent ethanol and 350 ml. 
of 40 per cent ethanol. A paper chromatogram indicated that the com- 
pounds of interest were contained in these fractions. The solution was 
concentrated in vacuo, and applied to sixteen paper chromatograms by streak- 
ing the sirup across the paper with a fine bore pipette. The chromato- 
grams were given ten ascents in the 3:4:6 solvent system. Narrow strips 
were cut from the edges and the middle of each chromatogram and devel- 
oped with the copper-reducing spray. In this way the positions of the 
compounds on the remaining filter paper were determined and cut out. 
The various fractions were extracted, and the resulting solutions concentra- 
ted to small volumes in vacuo. Each fraction was chromatographed a sec- 
ond time for further purification. The concentration of each fraction was 
determined by a measurement of the optical rotation. 

Tsomaltose-Coupled Products—-A second series of branched oligosac- 
charides was prepared by using isomaltose as a cosubstrate in a B. macerans 
amylase-coupling reaction. A reaction mixture containing 1.2 gm. of 
isomaltose, 1.2 gm. of a-dextrin, 75 units of B. macerans amylase, and a 
grain of thymol was incubated at 40° for 12 days. The methods of separa- 
tion and purification of the isomaltose-coupled oligosaccharides were the 
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game as those used for the panose-coupled products. Since the isomaltose 
products had a lower molecular weight, the various fractions were suffi- 
ciently separated on the first chromatograms after eight ascents in the 
3:4:6 solvent system. 

Branched Heptasaccharide—A branched heptasaccharide, which has been 

O—O—O—O— 
shown to be a single compound having the structure! | 
O—O—O 

(6), was isolated from a salivary amylase digest of waxy maize starch. 
This compound was separated on paper by the multiple ascent technique 
as previously described. 

Sweet Corn Glycogen—Sweet corn glycogen was purified according to a 
method described by Hassid and McCready (7), and the resulting product 
was washed with absolute ethanol and stored in a vacuum desiccator. 

Maltoheptaose—The maltoheptaose was prepared in this laboratory by 
acid hydrolysis of 6-Schardinger dextrin (8). 

Flavazole Derivatives—In certain instances flavazole derivatives of the 
reducing sugars were prepared and separated on paper as described by 
Nordin (6). The solvent system commonly used in this separation was 
water-saturated methylethy] ketone. 

Reducing Determinations—All the determinations of reducing sugars 
were made by the Nelson colorimetric method (9). A standard curve was 
made for maltose, and reducing values were calculated as maltose. 


Results 


The action of B-amylase on fractions Bs, Bs, and B; from the panose- 
coupled mixture was followed qualitatively by paper chromatography. 
After extensive degradation by B-amylase, a chromatogram was made of 
each of the three digests, a densitometer recording of which is found in 
Fig.1. It is evident that there was a resistant fraction in each of the three 
groups. In Table I are presented the possible isomers for the three panose- 
coupled fractions. R-enzyme was used to degrade each of the resistant 
fractions, and paper chromatography to identify the products of degrada- 
tion. From these experiments it was concluded that fractions Bsa, Be, 
and probably Bra were the #-amylase-resistant fractions in each case. 
Whether or not Bs, or Be, might also be resistant was not definitely settled. 

Similar experiments were carried out on the isomaltose-coupled fractions. 


1 O— signifies a glucose unit with its reducing group. ...O—O... signifies 2 
glucose units bonded with an a-1,4 linkage. O... signifies 2 glucose units 


bonded with an a-1,6 linkage. 


8 
)- 
al 
l- 
0 
e 
p 
vy 
l. 
1S 

] 
|- 
e 
yf 


472 B-AMYLASE ON OLIGOSACCHARIDES 


After extensive degradation by B-amylase, resistant fractions By, Bs, and 
B, remained, which were separated from the degradation products by 
paper chromatography. ‘The possible isomers for the various isomaltose. 
coupled fractions are found in ‘Table I, Flavazole derivatives: were made 
from both the raw By group and the f-amylase-resistant By fraction, 
The two Fy derivatives were chromatographed in water-saturated methyl 
ethyl ketone, The raw By flavazole fraction indicated at least two com- 
ponents, with possibly a third, and the #-amylase-resistant Ba flavazole 
indicated only one component. Each of these flavazole fractions was 
oxidized for 30 minutes at room temperature with potassium periodate, 
The raw B, flavazole fraction produced flavazole aldehyde, while the £- 
amylase-resistant B, flavazole did not. These experiments indicated that 
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Fic. 1. Densitometer tracings of paper chromatograms of B-amylase digest of 
panose-coupled products. Symbols Bz, Be, Bs, and B; indicate positions of branched 
heptasaccharide, branched hexasaccharide, branched pentasaccharide, and panose. 
Ge indicates maltose. 


fraction By, was probably the only resistant member of the B, group. 
The §-amylase-resistant Bs; fraction was digested with large amounts of 
salivary amylase, and the products were converted to flavazole derivatives. 
A chromatogram of the flavazole mixture indicated two B; flavazoles. 
Therefore, the resistant Bs; fraction contained both B;, and Bs... The £- 
amylase-resistant Be fraction was digested with R-enzyme, and the prod- 
ucts were identified by paper chromatography. The B,-resistant fraction 
contained only Bea. 

The action of B-amylase on the branched heptasaccharide obtained from 
salivary breakdown of amylopectin was followed by paper chromatog- 
raphy. $-Amylase apparently had no action on this compound even after 
an extended degradation period. 

The rate of B-amylase action on these various branched fractions, sweet 
corn glycogen and maltoheptaose, was determined by the Nelson method 
for reducing sugars. Each reaction mixture was made up in a 25 ml. 
volumetric flask containing 2 ml. of buffer (pH 4.82, 0.2 m acetate), a known 
amount of substrate, and a known amount of enzyme. The volumetric 
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flask was then made up to the mark with distilled water, and the reaction 
mixture was incubated at 35°. Duplicate 1 ml. aliquots were withdrawn 
periodically and analyzed for reducing power. The initial rates for the 


panose products are plotted in Fig. 2, for the isomaltose products in Fig. 3, | 


and for glycogen and maltoheptaose in Fig. 4. 
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Fia. 2. Production of maltose by action of B-amylase on panose-coupled products 
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Fic. 3. Production of maltose by action of B-amylase on isomaltose-coupled 


products. 
Fic. 4. Production of maltose by action of B-amylase on maltoheptaose (G7) and 
sweet corn glycogen. 


DISCUSSION 


The qualitative study of the action of B-amylase on the various oligosac- 
charides, analogous to the branch points in amylopectin or glycogen, led 
to the conclusions summarized in Table III. Itis apparent that one chain 
exerts an influence on the other insofar as the action of B-amylase is con- 
cerned. The presence of 1 glucose unit on the opposite chain appears 
to make a resistant linkage out of one which was formerly non-resistant. 
This is not surprising, for the enzyme itself has a molecular weight of 
152,000 + 10 per cent (10). On examination of a Fischer-Hirschfelder- 
Taylor model of the particular oligosaccharides involved, it seemed reason- 
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able that an extra glucose unit might well have prevented the approach or 
attachment of the bulky enzyme. 
It should be pointed out that the model substrates of low molecular 


TABLE III 
Action of B-Amylase on Branched Oligosaccharides 
Non-resistant arrangements Resistant arrangements 

a O--* O- 
(>) @) ©) ().-0) 
h (>) €) () 4) 
| | 
() © 

()— O—-O-—O— 
O--O 

d O—O-—-O— O-—O—O— 
O—O—O 


* The end-group arrangements listed in Table III were arrived at by an examina- 
tion of the action of B-amylase on all the various branched oligosaccharides. In 
certain cases (arrangement d, non-resistant; arrangement c, resistant), these conclu- 
sions were not supported by direct evidence. However, the questionable end-groups 
do fit the over-all picture. 


TABLE IV 


Relative Rates of B-Amylase on Glycogen, Maltoheptaose, 
and Branched Oligosaccharides 


Substrate Relative rate 

Sweet corn glycogenf.................... 0.620 
Panose-coupled fraction B7.............. 0.370 

Isomaltose-coupled fraction Be.......... 0.223 
0.164 

0.013 


* For maltoheptaose, a conversion to moles of maltose per mole of substrate was 
made. 

t In the case of sweet corn glycogen, the results were converted to moles of mal]- 
tose per exterior chain. 
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weight will not necessarily act the same way as the naturally occurring 
products of high molecular weight. In the model substrates, only two 
chains per molecule were available, but even in this relatively simple situ- 
ation one chain appeared to affect the susceptibility to enzyme attack of 
the other. Amylopectin probably has 50 or more end-groups per molecule, 
depending upon the source (1), while glycogen might have as many as 
several thousand per molecule (11). This relatively large number of end- 
groups might exaggerate the effect noticed in the low molecular weight 
compounds. Furthermore, it would be helpful to have a model substrate 
of a doubly branched oligosaccharide available for study. It does seem 
reasonable, however, that, if there is an absolute limit to the action of p- 
amylase, the end-groups found in this study would closely approximate the 
situation in the glycogen or amylopectin molecule. 

The relative rates of B-amylase on the various substrates, determined by 
measuring the slope of the curves in Figs, 2, 3, and 4 and based upon the 
rate of 1.000 for maltoheptaose, are found in ‘Table TV. ‘They indicate 
that the rate of B-amylase slows considerably as it approaches a branch 
point. It seems reasonable that this change of rate might be even more 
drastic in the bulky natural molecules of glycogen and amylopectin. 


SUMMARY 


1. The Bacillus macerans amylase-coupling reaction has been used to 
prepare two homologous series of singly branched oligosaccharides. Panose 
was used as a cosubstrate in one series, while isomaltose was used for the 
other. The products of these reactions were separated into isomeric 
fractions by multiple ascent paper chromatography. 

2. The action of B-amylase has been studied on these individual fractions, 
and the structural arrangements resistant to the action of B-amylase were 
ascertained. 

3. The branched heptasaccharide from the salivary amylase hydrolysis 
of amylopectin was apparently completely resistant to B-amylase. 

4. The rate of B-amylase on these various fractions, as well as on sweet 
corn glycogen and maltoheptaose, was determined. It was found that 
the rate slows considerably as the enzyme approaches the branch points, 
and the attainment of an absolute limit dextrin from a high molecular 
weight molecule such as amylopectin might be impractical, if not impossible. 
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THE SYNTHESIS AND ENZYMATIC HYDROLYSIS 
OF POLY-p-LYSINE* 
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In studies of the inhibition in vivo of animal viruses by poly-t-lysine, 
Rubini et al. (1) and Green et al. (2-4) obtained data which suggested that 
poly-L-lysine is hydrolyzed by the proteolytic enzymes of the allantoic 
fluid, and that this enzymatic hydrolysis may limit its biological activity. 
The enzymatic hydrolysis of poly-L-lysine was reported by Katchalski (5) 
and by Waley and Watson (6). Since p peptides are generally more re- 
sistant to enzymatic hydrolysis than their L isomers, poly-p-lysine was syn- 
thesized and tested for antiviral activity. However, the results showed 
comparable activity for both optical isomers and suggested that the poly- 
p-lysine is hydrolyzed or metabolized almost as rapidly as the correspond- 
ing L polypeptide (7). In view of these unexpected results, it was of 
interest to compare the susceptibility to hydrolysis of poly-L- and poly-p- 
lysine by different proteolytic enzyme preparations. 

The resolution of pi-lysine hydrochloride was first reported in 1936 by 
Berg (8), who employed fractional crystallization of the camphorate in 50 
per cent methanol. In 1948, Borsook et al. (9) obtained p-lysine hydro- 
chloride by the enzymatic synthesis of the anilide of dicarbobenzoxy-.-ly- 
sine with papain. Greenstein and associates (10) in 1950 obtained p-ly- 
sine hydrochloride and used hog kidney enzyme to hydrolyze selectively 
the dichloroacetyl derivative of L-lysine. For the present work, p-lysine 
hydrochloride was obtained by the enzymatic synthesis of the anilide of 
diisobutyryl-L-lysine with papain as reported by Doherty and Popenoe (11) 
with modifications. 


EXPERIMENTAL 


Preparation of a, «-Diisobutyryl-pL-lysine—36.5 gm. (0.2 mole) of pi-ly- 
sine monohydrochloride were acylated with 51.1 gm. (0.48 mole) of iso- 
butyryl chloride (11). The diisobutyryl-pt-lysine, which separated as an 
oil upon acidification, was extracted three times into ethyl acetate, washed 


* Published with the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by research grants (No. E-101) from the Na- 
tional Microbiological Institute of the National Institutes of Health, United States 
Public Health Service and from the Herman Frasch Foundation. 
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once with a small amount of water, and dried over anhydrous magnesium 
sulfate. The ethyl acetate solution was concentrated in vacuo at 40° toa 
thick syrup which solidified. Extraction into ethyl acetate, followed by 
concentration, was repeated twice more to remove traces of isobutyric 
acid; yield, 54.6 gm. (95 per cent of theory), m.p. 113-114°, uncorrected. 

Resolution of pu-Lysine Hydrochloride—28.6 gm. (0.1 mole) of diisobu- 
tyryl-pL-lysine were resolved as the insoluble diisobutyryl]-t-lysine anilide 
(97 per cent of theory, m.p. 204—205°, uncorrected) and diisobutyryl]-p-ly- 
sine in the presence of activated papain (11). The diisobutyryl-p-lysine 
was hydrolyzed with 20 per cent hydrochloric acid and isolated as the 
crystalline p-lysine dihydrochloride in 30 per cent yield, m.p. 193°, uncor- 
rected; [a]? —16.24° (c 3 per cent in water); literature value [a]? —13.5° 
(c 3.47 per cent in water) (9). 

The p-lysine dihydrochloride was dissolved in 30 ml. of hot 95 per cent 
ethanol, and a hot solution of 2.1 ml. of pyridine in 5 ml. of alcohol was 
added slowly with stirring. ‘The p-lysine monohydrochloride was filtered 
after a few hours at room temperature, washed with 95 per cent ethanol, 
and dried; over-all yield, 20 to 25 per cent, m.p. 235-236", uncorrected. 

Preparation of Anhydride-——Vhis com- 
pound was prepared from p-lysine monohydrochloride according to the 
method of Bergmann ef al, (12); yield 70 per cent. The product wan re- 
crystallized twice from an ethyl acetate, Skellysolve A solution, 

e-Carbobenzory-p-lysine Polypeptides Polymerizations were carried out 
in purified dioxane solution with ammonia as initiator according to the 
method of Becker and Stahmann (13), and the product was lyophilized. 
By manipulating the ratio of anhydride to ammonia initiator, the average 
chain length of the polymer was varied. The configuration of the original 
p-lysine is maintained throughout this synthesis (13). The Van Slyke 
manometric nitrous acid method of Doherty and Ogg (14) was used to 
determine the average chain length of the ¢e-carbobenzoxy-p-lysine poly- 
peptide. 

Poly-v-lysine Hydrochloride—The poly-e-carbobenzoxy-p-lysine was con- 
verted to poly-p-lysine hydrochloride by passing hydrogen chloride into a 
suspension of the polymer in dry glacial acetic acid according to the method 
of Ben-Ishai and Berger (15) in 80 to 90 per cent yield. Ultraviolet ab- 
sorption analysis has shown that the removal of the e-carbobenzoxy group 
by this method is complete. 

Poly-u-lysine Hydrochloride—This polypeptide was prepared from t-ly- 
sine by the polymerization of ¢-carbobenzoxy-.L-lysine anhydride by the 
method of Becker and Stahmann (13). 

Enzymatic Hydrolysis of Poly-p- and Poly-u-lysine—There have been 
many investigations of the action of proteolytic enzymes on various syn- 
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thetic low molecular weight peptides, but relatively few on synthetic poly- 
peptides. Katchalski (5), Brand and associates (16), and Waley and Wat- 
son (6) have carried out studies on a number of synthetic polypeptides 
and have found that poly-L-lysine is hydrolyzed to the extent of 50 per 
cent by trypsin, 25 per cent by chymotrypsin, and 10 per cent by carboxy- 
peptidase. Waley and Watson (6) stated that poly-L-lysine is decomposed 
by trypsin mostly into di- and trilysine units. They also report that the 
terminal bonds are not attached but that those near the end are hydrolyzed 
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Fig. 1. Hydrolysis of poly-p- and poly-L-lysine by trypsin. Solutions of poly-1- 
lysine (X) and poly-p-lysine (QO) of molecular weights 3620 and 3950, respectively, 
were prepared by dissolving 30.9 mg. (0.35 mg. of N per ml.) each in 4.5 ml. of 0.1m 
phosphate buffer, pH. 8.0. After the solutions were brought to 37°, 0.5 ml. of trypsin 
(0.026 mg. of N per ml.) was added, and, for zero reading, 0.5 ml. aliquot was analyzed 
immediately for amino nitrogen by the Van Slyke volumetric method and at intervals 
thereafter. 


preferentially. The experiments reported in this communication were de- 
signed to show whether poly-p-lysine is resistant to hydrolysis by proteo- 
lytic enzymes. 

The enzyme preparations employed were crystalline trypsin, pancreas 
powder (Viobin Laboratories, Monticello, Illinois), and crude papain. The 
rate of hydrolysis was followed by determining the increase in a-amino 
nitrogen, a reaction time of 10 minutes being found sufficient for complete 
reaction of both the a-amino and the e-amino groups. Controls with the 
same amounts of substrate in the absence of enzyme and with the enzyme 
alone were carried out simultaneously. The increase in mg. of amino nitro- 
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gen shown in the ordinates of Figs. 1 to 3 represents the increase in a-amino 
nitrogen obtained after correction for the nitrogen of the terminal a-amino 
and e-amino groups (which remained constant throughout) and that due 
to the enzyme. 

The data of Fig. 1 show that poly-L-lysine in the presence of trypsin 
gave an increase of 0.033 mg. of nitrogen per ml. of test solution at pH 8.0. 
This value represents 20 per cent hydrolysis of the peptide bonds of poly- 
L-lysine. Maximal hydrolysis was obtained within 1 hour after incubation 
at 37°. The extent of hydrolysis obtained is in agreement with the results 
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Nia. 2. Hydrolysis of poly-p- and poly-t-lysine by pancreas powder extract, 
Solutions of poly-L-lysine () and poly-p-lysine (O) were prepared, analyzed, and 
plotted as in Fig. 1, but 0.05 m citrate buffer, pH 6.0, was used as the medium. After 
the solutions were brought to 37°, 0.5 ml. of pancreas powder extract (1.75 mg. of N 
per ml.) was added. 


of Waley and Watson (6). Under similar conditions of pH and concentra- 
tion, no hydrolysis of poly-p-lysine could be detected even after 8 hours of 
incubation. 

Fig. 2 shows that both poly-L-lysine and poly-p-lysine were hydrolyzed 
by a 5 per cent extract of pancreas powder. A maximum of 90 per cent 
hydrolysis of the peptide bonds occurred in approximately 5 hours at pH 
6.0 and at 37°. Poly-p-lysine was hydrolyzed to about the same extent 
as poly-L-lysine under similar conditions of temperature, pH, and concen- 
tration. The hydrolysis of poly-p-lysine was of special significance since 
there appears to be no previous record of the enzymatic hydrolysis of this 
D peptide. 
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Since papain did not hydrolyze poly-L-lysine at pH 5.0, it was not tested 
on poly-p-lysine. 

Inhibition of Trypsin by Poly-p-lysine—Numerous reports show that 
poly-L-lysine combines with a variety of biological substances (1-4, 17-19) 
and inhibits some proteolytic enzymes (20, 21). It was possible to investi- 
gate the inhibition of trypsin by poly-p-lysine because this p polypeptide 
is resistant to tryptic digestion. In the inhibited system, trypsin was incu- 
bated with poly-p-lysine, and the substrate, poly-L-lysine, was then added 
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Nia. 3. The inhibition of trypsin by poly-p-lysine. The control and inhibited 
systems were prepared by incubating at 37° a solution of 4.5 ml. of 0.1 Mm phosphate 
buffer, pH. 8.0, 0.5 ml. of trypsin (0.026 mg. of N per ml.) containing no polypeptide, 
and 30.09 mg. of poly-p-lysine, respectively. After 1 hour 30.9 mg. of poly-L-lysine 
were added to both, and the increase in amino N with time was measured asin Fig. 1. 
In the control curve (XX) the enzyme amino nitrogen was subtracted. In the in- 
hibited system (O) the amino nitrogens of the enzyme and of the poly-p-lysine were 
subtracted. 


and the increase in a-amino nitrogen measured as a function of time. The 
control was carried out with the same amount of poly-L-lysine but in the 
absence of poly-p-lysine. The results of these experiments (Fig. 3) show 
that in the presence of poly-p-lysine the enzyme is no longer able to hy- 
drolyze poly-u-lysine to a detectable degree during an 8 hour period. The 
increase in amino nitrogen immediately after the addition of poly-L-lysine 
to the inhibited system arises from the e-amino groups and the terminal 
a-amino group of the poly-L-lysine and not from the hydrolysis of the pep- 
tide bonds. In the absence of poly-p-lysine, poly-t-lysine is hydrolyzed 
to the extent of 20 per cent. 
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DISCUSSION 


Trypsin has been found to hydrolyze poly-t-lysine to the extent of only 
20 per cent. Waley and Watson (6) have obtained significant amounts of 
tri- and tetralysine as end-products of the hydrolysis of poly-t-lysine with 
trypsin. In view of the inhibitory action of lysine peptides it would seem 
that the formation of short chain poly-L-lysine units may lead to varying 
degrees of product inhibition and so prevent complete hydrolysis. The 
extent of hydrolysis may then depend on the relative concentration of en- 
zyme to substrate or to the inhibitory peptides formed on partial hydroly- 
sis. 

Parallel experiments carried out with the enantiomorph, poly-p-lysine, 
demonstrate that trypsin does not hydrolyze this p polypeptide. This 
would be expected from the optical specificity of trypsin (22). However, 
pancreatic extract was shown to hydrolyze both poly-.L- and poly-p-lysine 
to the extent of about 90 per cent. The almost parallel rate at which 
poly-p- or poly-L-lysine was hydrolyzed by pancreatic extract was unex- 
pected because of the general opinion that p peptides are resistant to pro- 
teolytic enzymes. Recently, the authors (7) have observed that poly-p- 
lysine was no more effective in inhibiting the multiplication of mumps and 
influenza B virus in the chick embryo than its L isomer and concluded that 
enzyme systems may exist in the allantoic sac which metabolize both 
poly-p- and poly-L-lysine. The hydrolysis of poly-p-lysine by pancreatic 
extract supports this view, 

Poly-p-lysine inhibited the tryptie liydrolysis of poly-L-lysine at pH # 
where the polypeptides carry a large postive charge whieh facilitates com: 
bination with the negatively charged trypan pomt about pil 
7 (25)), Binee the polypeptide ia not susceptible to tryptic hydrolyes, 
the enzyme probably remains combined with poly and the effee 
live siles are not available for the hydrolyaia of the poly n-lysine, Poly. 
glutamic acid also inhibits trypsin at some concentrations (20), Since the 
experiments with polyglutamie acid were carried out at a pi near the 
isoelectric point of trypsin where both its anionic and cationic groups may 
ionize, it is possible that either a polycation or a polyanion could inhibit 
the enzyme. 


SUMMARY 


The resolution of pi-lysine hydrochloride and the synthesis of poly- 
p-lysine hydrochloride are described. 

A comparative study was made of the hydrolysis of poly-L- and poly- 
p-lysine by trypsin and pancreas powder extract. Trypsin was shown to 
hydrolyze poly-L- but not poly-p-lysine. Pancreatic powder extract, on the 
other hand, was shown to contain enzymes which hydrolyze both poly-t- 
and poly-p-lysine at about the same rate. 
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Evidence is presented which shows that poly-p-lysine inhibits the tryptic 


hydrolysis of poly-L-lysine, probably by combining with the trypsin in 
such a way as to render it incapable of hydrolyzing its substrate poly-L- 
lysine. 


We are indebted to Mr. Harold Van Kley of this department for the 


ultraviolet analyses and the amino nitrogen determinations by the Van 
Slyke manometric method. 
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STUDIES IN STEROID METABOLISM 
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The possibility that the testicular hormone, testosterone, can be con- 
verted to estrogenic substances has been suspected for many years. Sal- 
mon (1) and, more recently, Nathanson and Towne (2) have shown that the 
use of testosterone propionate in human female castrates leads to vaginal 
cornification and increased urinary estrogen levels, decreased follicle-stim- 
ulating hormone titers, and increased urinary androgens. Treatment of 
normal males, eunuchs, and eunuchoids with testosterone has also led to an 
increase in the urinary estrogen titer (3-5). 

With the advent of radioactive isotope tracer techniques, isolation of 
conversion products of steroid metabolism could be more easily effected. 
Recently, the conversion of testosterone to estrone in the pregnant mare 
was demonstrated by isolation of radioactive estrone from the urine after 
intrajugular injection of testosterone-4-C™ (6). Baggett and coworkers 
(7) have reported the formation of estradiol-178 after testosterone-3-C" 
was incubated with grossly normal ovarian tissue removed before the meno- 
pause from a woman with cervical carcinoma, In the present study, slices 
of Ovarian tissue, removed 20 years after the menopause from a woman with 
cervical Carcinoma, were incubated with lestosterone-4-C™, Histological 
Of these ovaries showed marked cortical stromal hyperplasia,  Af- 
ler mmenubation of the ovarian tissue with testosterone 4-0", the mixture 
yielded radioactive testosterone, eatrone, eatracdiol and estriol, 

To rule out the possibility of radioactive contaminants, the racdionctive 
steroid fractions were subjected to repeated paper chromatography and 
erystallizations. Acetates were prepared and purified by chromatography 
and crystallization, finally hydrolyzed, and the free steroids erystallized. 


* These studies have been carried out with the assistance of research grants and 
an Institutional research grant from the American Cancer Society, upon recom- 
mendation of the Committee on Growth of the National Research Council, from 
research grants from the National Cancer Institute, National Institutes of Health, 
and from Aids for Cancer Research (Boston, Massachusetts). 
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Control experiments with boiled as well as fresh non-endocrine tissue have 
indicated that these procedures assure that the radioactivity is associated 
with the crystalline steroids and not with some chemical impurity. 


Methods and Results 


All measurements of radioactivity in the experiments reported below were 
made by preparing planchets containing portions of the total extracts which 
would be in the linear range of infinite thinness (less than 2 mg.). Counts 
were determined with a Tracerlab SC-16 windowless gas flow counter for 
a period of time to insure accuracy of +5 per cent. Values are reported 
as counts corrected for background. 


TABLE I 


Distribution of Radioactivity after Partitioning between 
Pentane and 90 Per Cent Methanol 


Funnel No. Sample weight Total counts C.p.m. per mg. 
mg. 
0 56 640 : 11 
1 24 2,212 92 
2 15 672 : 45 
3 16 758 47 
4 32 409 13 
5 19 11,108 585 
6 31 60,310 1,944 
7 29 912,200 31,400 
8 114 20 , 985 184 
336 1,009 , 294 


The tissue (1.1 gm.) was sliced in a Stadie-Riggs microtome and added 
to a flask containing 26 ml. of Krebs-Ringer phosphate buffer at pH 7.4, 
7 mg. of testosterone-4-C™ (150,000 ¢.p.m. per mg.), 10,000 units! of antui- 
trin-8, and 30,000 units of penicillin G, The mixture was aerobically in- 
cubated by shaking for 19 hours in a water bath at 37.5". 

‘The contents of the flank were centrifuged, after which the supernatant 
fluid was decanted, Both tissues and buffer were extracted, each with 
five 26 ml, portions of ethyl acetate, and the extracts were combined, After 
removal of the solvent im vacuo, the rendue was partitioned by counter-cur- 
rent distribution, 

The residue was partitioned by an eight transfer counter-current distri- 
bution between pentane and 90 per cent methanol; the combined contents 


'The authors wish to thank Parke, Davis and Company, Detroit, for their con- 
tribution of antuitrin-S. 
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(100 ml.) of each funnel were then evaporated to dryness in vacuo and the 
radioactivity of the residues was determined. The distribution of activity 
of the various fractions is presented in Table I. 

The combined fractions from Funnels 5 to 8 were partitioned by an eight 
transfer counter-current distribution between 50 ml. of 1 N sodium hydrox- 
ide and 50 ml. of toluene. The aqueous layers were brought to pH 8 and 
each was extracted four times with 15 ml. of toluene. The toluene extracts 
from the respective funnels were combined and evaporated to dryness in 
vacuo. Table II lists the distribution of radioactivity and the weights of 
the nine fractions. 


TABLE II 


Distribution of Radioactivity after Partitioning between 
Toluene and 1 n Sodium Hydroxide 


Funnel No. Sample weight Total counts C.p.m. per mg. 

mg. 

0 23 397 , 100 17 , 260 

1 20 327 , 200 16 ,350 

2 22 245,310 11, 200| Neutral 

3 16 3,246 203; fraction 

4 17 1,277 75 

5 9 187 21 

6 3 154 51 

7 6 738 123) Phenolic 

8 14 672 48} fraction 
130 975,884 


Neutral Fraction 


‘The extracts from Funnels 0 to 5 were combined and chromatographed 
on silica gel. After further partitioning of the three major fractions ob- 
tained by paper chromatography, one crystalline substance was isolated, 
‘This was shown to be testosterone by melting poimt, mixed melting point, 
and infra-red spectral characterization, Ita specific activity was deter- 
mined to be 149,000 per meg, 


Phenohe lraction 


After the partitioning in tN sodium hydroxide and toluene, a significant 
amount of radioactivity was demonstrable in the toluene extracts of Fun- 
nels 6 to 8 (phenolic fraction, Table I1), Fractions from Funnels 6 to 8 
were combined and estrone (6.9 mg.), estradiol-178 (3.2 mg.), and estriol 
(3.0 mg.) were added as carriers, ‘The mixture obtained was taken up in 
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methanol and applied to a 16 X 50 cm. paper strip, previously treated with 
50 per cent methanolic propylene glycol. The chromatogram was devel- 
oped in a toluene-propylene glycol system (8) for 16 hours, the runoff being 
collected in a beaker placed under the strip. After being dried in an oven 
for 30 minutes at 60°, narrow strips cut from the center were stained with a 
ferric chloride-ferrocyanide reagent (9) and with Zimmermann’s reagent 
(10). Similarly, control chromatograms of estrone, estradiol-178, and 
estriol] mixtures were stained, and the areas corresponding to the three ste- 


TaB_Le III 
Characterization of Phenolic Steroids Isolated by Paper Chromatography 
Estriol Estradiol Estrone 
lst chromatogram 
Weight, mg. 2.9 2.7 6.3 
C.p.m. per mg. 77 66 142 
2nd chromatogram 
Weight, mg. 2.6 2.5 5.3 
C.p.m. per mg. 85 68 156 
3rd chromatogram 
Ist crystallization 
Weight, mg. 1.7 2.5 5.2 
C.p.m. per mg. 129 57 149 
2nd crystallization 
Weight, mg. 1.4 2.2 4.9 
C.p.m. per mg. 131 59 140 
Melting point* 272-274° 175-177° 250-254° 
No’ depression | No’ depression | No depression 
with authentic with authentic with authentic 
estriol (279- estradiol-178 estrone (257- 
282°) (177.5-178.5°) 259°) 


* Melting points are uncorrected and were determined in a Fisher-Johns ap- 
paratus. 


roids were cut from the strip containing the carriers and eluted with chloro- 
form. The solvent was removed in vacuo and aliquots of the residues were 
analyzed for radioactivity (Table III). Each of the three zones was then 
chromatographed on paper and stained as before. Since the estriol zone 
had remained near the starting line, it was chromatographed for 48 hours. 
Similarly, the estradiol-178 zone was ran for 24 hours, and the estrone zone, 
Which was collected in part in the runoff, was chromatographed for 12 hours, 
‘The areas, corresponding to estriol, estradiol 17, and estrone, were eluted 
with chloroform and evaporated in vacuo, followed by drying in a stream of 
nitrogen, ‘The samples were weighed and asanyed for rdionetivity, ‘he 
resulta are tabulated in Table TIL, 
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The three fractions corresponding to estriol, estradiol-178, and estrone 
were again applied to paper chromatograms and developed in the toluene- 
propylene system as described above. After development for the same 
time intervals as the previous series, the papers were dried and narrow strips 
were cut for staining. ‘The zones located by this procedure were cut from 
the large strip, and the respective estrogens were eluted with chloroform 
and evaporated in vacuo. After being dried under nitrogen, the residues 
were taken up in chloroform and crystallized from ligroin. Aliquots of the 


TABLE IV 
Characterization of Phenolic Steroid Derivatives 
Estriol acetate Estradiol acetate Estrone acetate 
Ist chromatogram 
Weight, mg. 3.2 3.0 8.7 
C.p.m. per mg.* 68 40 78 
2nd chromatogram 
Weight, mg. 2.7 2.3 6.0 
C.p.m. per mg.* 75 52 113 
3rd chromatogram 
Weight, mg. 1.9 1.8 5.5 
C.p.m. per mg.* 121 53 126 
Crystallization 
Weight, mg. 1.7 1.5 5.2 
C.p.m. per mg.* 125 55 131 
Melting pointsf 118-120° 120-121° 121-123° 
Mixed melting pointsf depression | depression | No depression 
with authentic with authentic with authentic 
estriol acetate estradiol ace- estrone acetate 
(119-122°) tate (119-121°) (120-122°) 


* Specific activities are calculated as free steroid. 
+t Melting points were determined on a Fisher-Johns apparatus and are uncor- 
rected. 


crystalline product were analyzed for radioactivity. ‘The crystalline frac- 
tions were recrystallized from aqueous methanol and the radioactivity as- 
say was repeated. Melting points and mixed melting points with authentic 
steroids were taken, ‘The data are tabulated in ‘Table IIT. 


Preparation and Purtfication of Acetates 


The acetates of the steroids inolated from the mecubation mixture were 
prepared as desembed previously (10), Tach fraction wae then placed on 
paper, & SO and developed ina propylene glycol ayatem for 
hours, After drying the etripa and etaming them with ferrocyanide- 
ferne chlonde and Zimmermann’a the zones corresponding to aie 
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multaneously run authentic acetate derivatives were eluted with dichloro- 
methane and evaporated in vacuo. Aliquots of the crystalline residues 
were analyzed for radioactivity (Table IV). 

Each of the three acetate derivatives was chromatographed twice in 
the ligroin-propylene glycol system for 48 hour intervals. Paper strips 
measuring 4 X 50 cm. were used. Simultaneous control chromatograms 
were developed each time. Staining with ferrocyanide-ferric chloride and 
Zimmermann’s reagents produced zones similar to those found in the first 
chromatogram. After each development, the zones were eluted with di- 
chloromethane, evaporated in vacuo, and the residue was weighed and 
analyzed for radioactivity. The data are presented in Table IV. 

After the three chromatographic separations described above were car- 
ried out, the residues were recrystallized from aqueous methanol. After 
centrifuging and drying the precipitates, the procedure was repeated and 
a white crystalline precipitate was obtained in each case. Melting points 
and measurements of radioactivity are recorded in Table IV. 


Hydrolysis of Acetates; Recovery of Steroids 


The crystalline derivatives from the incubation mixture were hydrolyzed 
as described previously (11). The semicrystalline residues were then taken 
up in a small amount of methanol and applied to 3 X 50 cm. paper strips 
in the toluene-propylene glycol system. As before, the estriol fraction was 
developed for 48 hours, estradiol-178 for 24 hours, and estrone for 12 hours. 
Upon drying and staining side strips with ferrocyanide-ferric chloride and 
Zimmermann’s reagents, zones were obtained from the chromatograms 
which corresponded to estriol, estradiol-178, and estrone on simultaneously 
run control chromatograms. The zones were eluted with chloroform, and 
the extracts were filtered and evaporated in vacuo. The residues were 
weighed and analyzed for radioactivity (Table V). 

The semicrystalline fractions were again chromatographed on 3 X 50 
cm. paper strips in the toluene-propylene glycol system. The times of 
development were 72 hours, 36 hours, and 18 hours, respectively, for the 
estriol, estradiol-178, and estrone fractions. After drying and staining, 
zones corresponding to the three estrogens on control chromatograms were 
obtained. The zones were eluted from the paper with chloroform which 
was evaporated in vacuo, and taken to dryness in a stream of nitrogen. 
The residues obtained were weighed and aliquots were analyzed for radio- 
activity as recorded in ‘lable V. 

The residues were then taken up in small amounts of chloroform and 
crystallized by the addition of ligroin. After centrifuging and drying of 
the crystals, the procedure was repeated with methanol and distilled water, 
‘The white crystals obtained were dried in vacuo before determination of 
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melting points, mixed melting points with authentic estrogens, radioactiv- 
ity, and infra-red spectra. ‘These data are tabulated in Table V. 

A summary of the specific radioactivity of the products obtained by the 
various procedures is presented in Table VI. 


TABLE V 
Characterization of Hydrolysates from Derivatives 
Estriol Estradiol Estrone 
Ist chromatogram 
Weight, mg. 2.3 1.9 4.2 
C.p.m. per mg. 114 52 122 
2nd chromatogram 
Weight, mg. 1.0 1.7 3.6 
C.p.m. per mg. 124 56 122 
Crystallization 
Weight, mg. 0.9 1.1 2.6 
C.p.m. per mg. 127 58 132 
Melting points* 275-278° 176-177° 255-259 ° 
Mixed melting points* No depression No’ depression | No depression 
with authentic with authentic with authentic 
estriol (278- estradiol estrone (257- 
279°) (177.5-178.5°) 259°) 


* Melting points were determined on a Fisher-Johns apparatus and are uncor- 
rected. 


TaBLE VI 
Specific Activity of Products of Analytical Procedures 
The values are in counts per minute per mg. 


Chromatography ee Recovered steroid 
59 55 58 


* Values reported are calculated as free steroid. 


Control experiments consisted of incubation of radioactive testosterone 
with endocrine tissue which had been heated to 100° for 20 minutes and 
incubation of acetate-1-C™ with viable non-endocrine tissue. ‘The first con- 
trol experiment resulted in the complete disappearance of radioactivity 
from all three carriers (progesterone, androstenedione, and estradiol-17{) 
after two chromatograms and one crystallization, Incubation of viable 
hon-endocrine tissue with radioactive acetate, followed by treatment exactly 
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as described above, resulted in the total disappearance of radioactivity 
from three of the four carriers (androstenedione, estradiol-178, and proges- 
terone) after two chromatograms and two crystallizations. The fourth 
carrier (testosterone) did not lose all radioactivity until after derivative 
formation followed by a single crystallization. 


DISCUSSION 


A variety of endocrine-induced changes, normally attributed to the fe- 
male hormones, have been demonstrated by Salmon (1) and Nathanson 
and Towne (2) to result from therapy with testosterone. Several other 
studies have supported these findings (38-5). Recently, Heard et al. (6) 
have shown that testosterone is converted to estrone in vivo by the preg- 
nant mare. The isolation of radioactive estradiol-178 by Baggett et al. 
(7) and of radioactive estrone, estradiol-178, and estriol in the present 
study, after incubation of human ovarian tissue with radioactive testos- 
terone, supports the suggestion that testosterone is converted to estrogen 
in vivo. 

The radioactive counts for the three phenolic steroid fractions remained 
within the limits of error (+5 per cent) from the paper chromatographic 
separation through derivative formation, hydrolysis of the derivatives, and 
crystallization of the free steroids. From the activity of the final fractions 
it appears that the tissue converted a small proportion of testosterone to 
estrogens. The relatively high specific radioactivity of the estrone and 
estriol, as compared to estradiol-178, suggests that these steroids may be 
direct conversion products of testosterone metabolism. 

The conversion of radioactive testosterone to estradiol-178 by surviving 
human ovarian tissues was reported by Baggett et al. (7). The additional 
isolation of relatively large amounts of radioactive estrone and estriol, how- 
ever, was an unexpected finding and may be due to several factors. The 
long period of incubation (19 hours) provides more time for enzymatic 
changes to occur. It is known that estrone and estradiol-178 are inter- 
convertible (12) and that estrone may form estriol (13) by enzymatic proc- 
esses. Differences in incubation procedure such as the types and amounts 
of gonadotropic hormone added and choice of buffer may be significant 
factors. Another factor which must be considered is the particular path- 
ological status of these ovaries. 

Estrone and estriol, as well as estradiol-178, are known to be present in 
the urine of normal human females (14). Increased amounts of these 
estrogens have been demonstrated in the urine of both males and females 
who have neoplasms of endocrine origin (15). The present study suggests 
that testosterone conversion is one possible mechanism for the production 
of such estrogenic substances. Whether this conversion is of normal or 
pathological import cannot be decided at this time. 
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SUMMARY 


1. Surviving human ovarian tissue which displays marked cortical stromal 
hyperplasia on histological section was incubated with testosterone-4-C™. 

2. Radioactive estrone, estradiol-178, and estriol were isolated by carrier 
dilution technique. 
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THE ROLE OF LIPIDES IN ELECTRON TRANSPORT 


I. PROPERTIES OF A DIPHOSPHOPYRIDINE 
NUCLEOTIDE-CYTOCHROME c REDUCTASE 
FROM RAT SKELETAL MUSCLE* 


By I. R. LEHMANT anp ALVIN NASON 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, January 19, 1956) 


It is generally accepted that the biological oxidation of reduced pyridine 
nucleotides by molecular oxygen proceeds by way of an integrated complex 
of enzymes and cofactors designated as the DPNH! oxidase system (1-3). 
However, there exists some disagreement as to the exact nature of the cata- 
lytically active components comprising this complex (1-7). 

A number of workers have demonstrated the alternate oxidation and 
reduction of added cytochrome c in crude DPNH oxidase preparations ex- 
tracted from mammalian heart muscle (7, 2), kidney (2, 8), and liver (8), 
thus providing tentative evidence for a catalytic réle in such systems for 
this heme protein. Subsequently, a group of enzyme complexes (the cyto- 
chrome c reductases), which specifically mediate the transfer of electrons 
from reduced pyridine nucleotides to cytochrome c (or dyes of appropriate 
potential), have been dissociated in soluble form from these particulate 
complexes (9-11). However, Green eé al. (6) have recently questioned the 
importance of cytochrome c as a natural electron carrier in the intact, un- 
modified DPNH oxidase of heart muscle. Studies by Slater (2) and Potter 
and Reif (12) have implicated an additional factor, sensitive to BAL and 
antimycin A, which is apparently essential for the reduction of cytochrome 
c by reduced pyridine nucleotides or succinate in crude particulate prepara- 
tions. This factor is not required in the purified soluble cytochrome c 
reductases derived from these particles (11). Thus the question of the 


* Contribution No. 147 of the McCollum-Pratt Institute. This investigation was 
supported in part by a research grant (No. RG-2332) from the National Institutes 
of Health, United States Public Health Service, and by a research grant from the 
Muscular Dystrophy Associations of America, Inc. 

t Postdoctoral Fellow of the McCollum-Pratt Institute. Present address, De- 
partment of Microbiology, Washington University School of Medicine, St. Louis, 
Missouri. 

1 The following abbreviations are used: DPN and DPNH, oxidized and reduced 
diphosphopyridine nucleotide, respectively; TPN and TPNH, oxidized and reduced 
triphosphopyridine nucleotide, respectively; Tris, tris(hydroxymethyl)aminometh- 
ane; BAL, British anti-Lewisite (2,3-dimercaptopropanol); FAD and FMN, flavin- 
adenine dinucleotide and flavin mononucleotide, respectively. 
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relationship of the purified soluble cytochrome c reductases to the over-all 
electron transport sequence in mitochondria and particulate preparations 
must still be considered open. 

In attempting to establish an enzymatic réle for vitamin E (tocopherol), 
it was felt that, in view of the relative ease with which this vitamin can 
undergo alternate chemical oxidation and reduction (13, 14), it might con- 
ceivably be involved in enzyme systems which catalyze the oxidation of 
reduced pyridine nucleotides. It was, therefore, in the general plan of the 
work to isolate and purify an enzyme system whose activity was signifi- 
cantly enhanced by the addition of vitamin E (15). This communication 
describes the purification and properties of a DPN-cytochrome c reductase 
from rat skeletal muscle. In the second paper of this series (16), evidence 
is presented for the existence and site of action of a lipide cofactor, replace- 
able by vitamin E, in such enzyme preparations. 


Materials and Methods 
Cofactors and Other Substances—DPN and TPN of 90 per cent purity 


were obtained from the Pabst Laboratories. Horse heart cytochrome c 


was a product of the Sigma Chemical Company, found to be 60 per cent 
pure. DPN and TPN were reduced enzymatically by the method of Pull- 
man et al. (17) and Nason and Evans (18), respectively. Reduced cyto- 
chrome c was prepared by treatment with palladium asbestos and hydrogen 
gas essentially as described by Smith (19). Antimycin A was obtained 
from the Wisconsin Alumni Research Foundation and was made up in 
absolute ethanol. FAD, of approximately 40 per cent purity, and FMN 
were obtained from the Sigma Chemical Company. 

Assay Procedures—All assays were carried out at room temperature in 
the Beckman DU spectrophotometer with cells of 1 cm. light path. 

Cytochrome c Reductase—The reaction mixture was routinely composed 
of the following: 0.05 ml. of enzyme, 0.3 ml. of 0.01 m KCN, 0.1 ml. of 2 
per cent aqueous cytochrome c, and 2.45 ml. of 0.1 m phosphate buffer, 
pH 7.5. At zero time, 0.1 ml. of DPNH (1.15 umoles per ml.) was added 
and the increase in optical density at 550 my was measured at 30 second 
intervals for 3 minutes. A unit of enzymeactivity is defined as that amount 
which will cause an increase in log Jo/J of 0.001 in the interval from 1 to 
3 minutes. The rate of cytochrome reduction is directly proportional to 
the protein concentration under these conditions of measurement (Fig. 1). 

Cytochrome c Oxidase—The reaction mixture contained 2.75 ml. of phos- 
phate buffer, pH 7.5, and 0.2 ml. of reduced cytochrome c (0.4 to 0.5 umole 
per ml.). At zero time, 0.05 ml. of enzyme was added and the decrease in 
optical density at 550 my was followed at 30 second intervals for 3 minutes. 
A unit of enzyme activity is defined as that quantity which will give a de- 
crease in log Io/I of 0.001 in the 1 to 3 minute interval. 
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DPNH Oxidase—The reaction mixture for this assay consisted of the 
following: 0.05 ml. of enzyme, 0.05 ml. of 2 per cent aqueous cytochrome c, 
and 0.8 ml. of 0.1 mM phosphate buffer of pH 7.5. Upon addition of 0.1 ml. 
of DPNH (1.15 wmoles per ml.), changes in optical density at 340 mu were 
recorded at 1 minute intervals for 5 minutes. 1 unit of enzyme activity is 
the amount of protein which will cause a decrease in log /o/J of 0.001 in 5 
minutes. This reaction will not proceed anaerobically and is almost com- 
pletely inhibited by KCN (10-3 M, final concentration). 

Succinate-Cytochrome c Reductase—The assay for this component was 
performed in the same way as the DPN-cytochrome c reductase assay with 
the exception that 0.2 ml. of 0.1 mM sodium succinate was added to the re- 
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Fia. 1. Proportionality of concentration of enzyme to cytochrome c reduction. 
Enzyme assay as described under ‘‘Materials and methods.”’ 


action mixture in place of the DPNH. The unit of enzyme activity is the 
same as for DPN-cytochrome c reductase. The enzymatic rate of reduced 
cytochrome c and DPNH oxidation as well as of succinate-cytochrome c 
reduction were also linear functions of the protein concentration. 

In each case, specific activity is defined as units of enzymatic activity 
per mg. of protein. Protein was determined by the procedure of Lowry 
et al. (20), standardized with purified human serum albumin. 


Results 


Purification of DPNH-Cytochrome c Reductase—All the steps in the puri- 
fication procedure summarized in Table I were carried out at 0-4°. 

Fresh rat skeletal muscle obtained from the hind legs of adult, white, 
male Wistar rats was finely minced in a meat grinder and then homogenized 
with 10 times its weight of 0.1 Mm phosphate buffer, pH 7.5, in a TenBroeck 
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tissue grinder, ‘The resulting homogenate was centrifuged at approxi- 
mately 3000  g for 15 minutes and the supernatant solution (Fraction 1) 
dialyzed for 1 to 2 hours against 10 volumes of 0.01 m phosphate buffer, 
pH 7.5. The heavy gelatinous precipitate which formed upon dialysis was 
removed by centrifugation for 15 minutes at 3000 X g, and the resulting 
supernatant solution (Fraction II) then centrifuged for 30 minutes at 
140,000 X g in the Spinco preparative ultracentrifuge. ‘The resulting pel- 
let, which contained over 90 per cent of the total activity of Fraction II, 
was then resuspended in one-tenth its original volume of 0.1 mM phosphate 
buffer, pH 7.5 (Fraction III). 


TaBLeE I 
Purification of DPN-Cytochrome c Reductase from Rat Skeletal Muscle 
Fraction Total Total Specific Per cent 
No. units* protein activity recovery 
més. 
I | Crude extract 228,000 | 820 277 100 
II | Dialyzed supernatant solution 134,000 | 294 455 59 
III | Resuspended high speed pellet 84,000 | 24 3500 37 
IV | Digitonin-treated 48,000 17 2820 21 
Ist Ca3;(PO,) gel eluate 5,040 3.8 1330 
2nd 4 ae 1,920 2.1 914 
3rd ee ee 17,400 1.15 | 15,100 
4th 4,050 0.25 | 16,200 
5th 3,900 0.12 | 32,500 
V_ | Combined 3rd, 4th, 5th gel eluates | 25,350 1.52 | 16,700 11 


* AE ss0 mz X per 2 minutes. 


In a typical preparation, 10 ml. of Fraction III were ground with an 
equal volume of a 4 per cent aqueous digitonin suspension in a TenBroeck 
tissue grinder, followed by centrifugation for 30 minutes at 140,000 X g. 
The clear supernatant solution (Fraction IV) contained 50 to 90 per cent 
of the total activity of the resuspended pellet. To 18 ml. of Fraction IV 
were added 4.5 ml. of calcium phosphate suspension gel (21) aged 9 months 
or longer (20.8 mg. per ml.). After 5 minutes, the gel was collected by 
centrifugation and eluted with 9 ml. of 0.1 m pyrophosphate buffer, pH 
7.5, for 5 minutes, followed by a 5 minute low speed centrifugation. Four 
more elutions were performed in the same way and the third, fourth, and 
fifth gel eluates were combined (Fraction V). Crystalline bovine serum 
albumin was added to this fraction to enhance stability (final concentration 
of 0.2 per cent). This was followed by dialysis for 1 hour against 0.1 m 
phosphate buffer, pH 7.5, to yield the final preparation. As shown in 
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Table I, Fraction V represents a 60-fold purification over the crude extract 
with a recovery of approximately 10 per cent of the total activity. A 
number of similar preparations were obtained by this procedure in which 
the degree of purification varied from 40- to 150-fold. Yields ranged from 
10 to 30 per cent. 

Stability of Enzyme—Fraction III (resuspended pellet) is quite stable, 
retaining over 70 per cent of its activity upon storage at —15° for 1 month, 
while Fraction V (final preparation) loses 65 per cent of its activity within 
4 days at —15°. With reference to heat stability at pH 7.5, Fraction V 
loses 75 per cent of its activity in 10 minutes at 40°; Fraction III is more 


TaBLeE II 


Relationship of DPN-Cytochrome c Reductase, DPNH Oxidase, and 
Cytochrome c Oxidase in Various Protein Fractions 


from Rat Skeletal Muscle 
DPNH oxidaset 
Fraction Cytochrome | Cytochrome 


Resuspended high speed pellet......... 53.0 65.0 48.0 100 

Digitonin-treated...................... 32.0 76.0 18.0 
Combined gel eluates.................. 31.0 64.0 7.8 26 .0 


Enzymatic assays, as described under ‘‘Materials and methods.’’ 

* Micromoles of cytochrome c reduced (1 to 3 minutes) X 10? per 0.05 ml. of en- 
zyme. 

Tt Micromoles of reduced cytochrome c oxidized (1 to 3 minutes) X 10? per 0.05 
ml. of enzyme. 

t Micromoles of DPNH oxidized (1 to 3 minutes) X 10? per 0.05 ml. of enzyme. 


stable, retaining 40 per cent of its activity under the same conditions. 
The enzyme at all stages of purity appears to be quite stable to dialysis 
against 0.01 m phosphate buffer, pH 7.5, for periods of from 1 to 2 hours. 

Other Enzymes Present—Cytochrome c oxidase and DPNH oxidase ac- 
tivities were present at all stages of purification of the DPN-cytochrome c 
reductase. The levels of the various activities were found, however, to 
vary markedly. This is illustrated in Table II. Fraction I also contained 
a succinate-cytochrome c reductase which was to a large extent precipitated 
during the dialysis step (Table III). The small amount of the succinate 
enzyme remaining. in Fraction III was almost entirely removed by the 
digitonin treatment. A similar dissociation of the two enzyme systems 
was observed with beef heart muscle. In this case, 15 per cent of the 
DPN-cytochrome c reductase and none of the succinate-cytochrome c re- 
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ductase were recovered in the supernatant solution resulting from high 
speed centrifugation (140,000  g) after digitonin treatment.  Towever, 
the precipitate contained 48 and 13 per cent of the DPN-cytochrome e¢ and 
succinate-cytochrome c reductase activities, respectively. 

pH Optimum-—The variation of enzymatic activity with pH is repre- 
sented in Fig. 2. With phosphate buffer the curve shows a rather broad 
maximum in the region of pH 7.5. There appears to be some inhibition 
of the enzyme by Tris buffer, despite recrystallization and extraction with 
8-hydroxyquinoline. 0.01 mM pyrophosphate buffer caused a marked inhibi- 
tion of the enzyme at pH levels ranging from 6.5 to 9.0. 


TABLE III 


Separation of DPN-Cytochrome c Reductase from Succinate-Cytochrome c 
Reductase during Purification of Rat Skeletal Muscle Preparation 


The values are expressed as AE'550 mp (1 to 3 minutes) X 10° per 0.05 ml. of en- 
zyme. 


DPN- Succinate- 
Stage of purification cytochrome ¢ | cytochromec | Ratio (1): (2) 
reductase reductase 
(1) (2) 

Dialyzed supernatant solution.............. 62 13 4.8 
Ppt. formed on dialysis.................... 73 72 1.0 
Resuspended high speed pellet............. 484 56 9.0 
296 6 50.0 


Enzyme assays as described under ‘‘Materials and methods.”’ 

* The cytochrome c reductase value has been corrected for the dilution involved 
in the digitonin treatment in order to make it comparable with the step immediately 
preceding it (resuspended high speed pellet). 


Pyridine Nucleotide A ffinity—The data in Fig. 3 indicate a marked speci- 
ficity for DPNH as the electron donor in the skeletal muscle cytochrome 
c reductase. The maximal enzymatic rate with TPNH as the electron 
source is about 20 per cent of that observed with DPNH. The dissociation 
constant of the enzyme-DPN complex as estimated from the curve is 2.1 X 
10-6 m. 

Affinity for Cytochrome c—The effect of cytochrome c concentration on 
the rate of cytochrome c reduction is shown in Fig. 4. The dissociation 
constant of the enzyme-substrate complex as estimated from the plot is 
1.5 X 107° Mo. 

Components of Enzyme Complex—A number of unsuccessful attempts 
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Fic. 2. Effect of pH on activity of DPN-cytochrome c reductase. The assay de- 


scribed was used with digitonin-treated (Fraction IV) enzyme (34 7 of protein) and 
2.55 ml. of indicated 0.1 m buffer to give a final reaction volume of 3.0 ml. 
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Fic. 3. Effect of reduced pyridine nucleotide concentration on activity of DPN- 
cytochrome c reductase. The assay described was used with0.1 m Tris buffer, pH 7.9, 
digitonin-treated (Fraction IV) enzyme (84 y of protein), and DPNH or TPNH at 
the final concentrations indicated. 
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were made with the Beckman DU spectrophotometer to detect flavin and 
various cytochrome components in concentrated particulate and digitonin 
treated preparations by comparison of the spectra with and without sodium 
dithionite, or succinate, 

However, upon examination of the concentrated resuspended pellet prep- 
aration (Fraction IIT) in the sensitive split-beam recording spectrophotom- 
eter? (22), a number of heme components were observed. As shown in 
Vig. 5, A, the steady state-oxidized difference spectrum of the partially 
purified particulate enzyme with DPNH as the electron donor reveals the 
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Fic. 4. Effect of cytochrome c concentration on activity of DPN-cytochrome c 
reductase. The assay described was used with digitonin-treated (Fraction IV) en- 
zyme (101 y of protein) and cytochrome c at the final concentrations indicated. 


presence of cytochromes c + ¢, b, and a (+ cytochrome a3). This was 
confirmed by the even more sensitive low temperature ‘‘apparent absolute 
absorption spectrum” (23, 24) with sodium dithionite as the reducing agent 
(Fig. 5, B). Cytochrome b; appears to be absent. The presence of cyto- 
chromes b and c in the particulate preparation does not necessarily mean, 
however, that these components are on the main pathway of electron trans- 
fer between DPNH and oxygen in this system. Detailed kinetic studies 
may clarify this point. 

Experiments were performed to determine whether there was a flavin re- 


* This was kindly performed by Dr. Britton Chance and Dr. Ronald W. Estabrook 
at the Johnson Research Foundation. 
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quirement by the enzyme,  Premecubation of the enzyme with FAD, PMN, 
or boiled pig heart extract failed to stimulate enzyme activity,  Preeipita 
tion of the enzyme with ammonitin sulfate at acid pi as well as prolonged 
dialysis under various conditions did not show a subsequent stimulation 
by added flavin, 
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Fic. 5. A, steady state-oxidized difference spectrum of the particulate DPNH 
oxidase system. The steady state was obtained upon addition of 20 ul. of DPNH 
(3 umoles per ml.) to 0.4 ml. of concentrated (10 mg. of protein) particulate enzyme 
(Fraction III). The s bands of cytochromes c, c;, and b are indicated in the region 
of 520 muy, the a bands of cytochromes c + c, and b at 552 and 562 my, respectively, 
and cytochrome a (+ cytochrome a3) in the region of 605 mu. B, low temperature 
‘“‘apparent absolute absorption spectrum”’ of the particulate DPNH oxidase system. 
The sample cuvette contained a mixture of 0.4 ml. of concentrated (20 mg. of protein) 
particulate enzyme (Fraction III), a few crystals of sodium dithionite, and 0.4 ml. 
of glycerol. The reference cuvette contains a mixture of equal volumes of glycerol 
and 0.1 m phosphate buffer, pH 7.4. Optical depth, 1 mm.; temperature, —180° to 
—190°. The absorption bands are designated as follows: Band 1, the 8 band of cyto- 
chrome c at 519 mu; Band 2, the 8 band of cytochrome b at 530 my; Band 3, the a2 
band of cytochrome c at 546 my; Band 4, the a; band of cytochrome c at 549 mz; Band 
5, the a band of cytochrome c; at 554 my; and Band 6, the a band of cytochrome b at 
561 


Effect of Metals and Metal-Binding Agenits—A number of metal ions were 
found to be markedly inhibitory for the DPN-cytochrome c reductase un- 
der the standard conditions of assay. At a final concentration of 5 x 10-4 
M, Fe++ and Cut ions caused virtually 100 per cent inhibition. Zn*+ and 
Cot+ at this same concentration gave 63 and 48 per cent inhibition, respec- 
tively. The following cations were found to exert no influence on enzyma- 
tic rate in concentrations ranging from 1 X 10-*§ to 5 X 10-* m: Mn+, 
Cat+, Fet*+, and Mg**. At a final concentration of 5 X 
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10-8 M, a,a’-dipyridyl and 8-hydroxyquinoline inhibited the enzyme to the 
extent of 40 to 50 per cent, while azide had no effect. 

Effect of p-Chloromercuribenzoalte—This inhibitor caused a 60 and 100 
per cent decrease in activity at concentrations of 1 & 10-4 and 5 & 10~ 
M, respectively. No reversal of this inhibition was observed upon addition 
of cither glutathione or cysteine at from 2 to 5 times the levels of p-chloro- 
mercuribenzoate employed, ‘This is similar to the finding by Mahler and 
EKlowe (25) for the DPN-cytochrome ¢ reductase from heart muscle, 

Effect of Antimycin A-—In view of the reported inhibition of DPN-cyto- 
chrome c reductase activity of particulate preparations by antimycin A 


IV 


Effect of Antimycin A on DPN-Cytochrome c Reductase from Rat 
Skeletal Muscle at Various Stages of Purity 


Per cent inhibition 
Antimycin A per ml. 
(final tration) 
Digitonin-treated Gel eluates 
0.01 47 65 
0.02 71 93 
0.04 72 97 
0.06 


The 3.0 ml. reaction mixtures contained 0.3 ml. of 0.01 m KCN, 0.1 m phosphate 
buffer, pH 7.5, 0.1 ml. of 2 per cent aqueous cytochrome c, 0.1 ml. of DPNH (1.15 
umoles per ml.), 0.01 ml. of absolute ethanol containing the various concentrations 
of antimycin A, and 0.05 ml. of enzyme. The latter represented the following 
amounts of protein: resuspended high speed pellet, 90 7; digitonin-treated, 97.5 7; 
gel eluates, 29.0 y. 


(12, 11), the effect of this antibiotic on the rat skeletal muscle enzyme was 
examined. The results are summarized in Table IV. As indicated, anti- 
mycin is inhibitory in extremely low concentration at all stages of purity. 


DISCUSSION 


The soluble DPN-cytochrome c reductase obtained from rat skeletal 
muscle has a number of properties in common with the comparable en- 
zymes isolated by Edelhoch e¢ al. (11) from pigeon breast muscle and by 
Mahler et al. (26, 25) from mammalian heart muscle. Thus the heart and 
rat skeletal muscle enzymes are both inhibited by certain cations, metal- 
binding agents, and p-chloromercuribenzoate. Furthermore, the inhibition 
by the last reagent cannot be overcome by the addition of sulfhydryl 
compounds. 
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These enzymes do, however, differ in one important respect; namely, in 
their suspectibility to antimycin A, Hdelhoch and coworkers (11) have 
reported that antimycin A is a potent inhibitor of particulate DPN-cyto- 
chrome ¢ reductase from pigeon breast muscle, However, when the en- 
zyme was brought into solution by extraction with acid or alcohol, there 
was no longer an inhibitory effeet by the antibiotic. [thas been postulated 
(27, 28) that the particulate DPN-cytochrome ¢ reductase requires a steric 
or orienting factor, sensitive to BAL and antimyein A. When the enzyme 
is in solution, the steric relationships are so altered that the factor is no 
longer required, Presumably, under these conditions, the frequency of col- 
lision of substrate molecules with enzymes is sufficiently great to permit 
full enzymatic activity. 

In the present work, it has been found, however, that the enzyme ex- 
tracted from rat skeletal muscle in the presence of digitonin is extremely 
sensitive to low levels of antimycin A. There are at least two possible 
explanations for this difference: (a) that the rat muscle enzyme is not actu- 
ally soluble, but is present in the form of a non-sedimentable, digitonin 
complex or micelle, even after adsorption and subsequent elution from the 
calcium phosphate gel, or (b) that the antimycin-sensitive factor necessary 
for electron transfer to cytochrome c in the particulate enzyme has still 
not been dissociated from the dissolved protein, even after adsorption to 
and subsequent elution from calcium phosphate gel. 

The evidence presented in the second paper (16) of this series indicates 
that the antimycin A-sensitive factor of the rat skeletal muscle and beef 
heart enzymes is a lipide material which is replaceable specifically by to- 
copherol. The lipide cofactor, however, is not free tocopherol and repre- 
sents approximately 10 per cent of the total lipide material (60 per cent 
by dry weight) of the partially purified DPNH-cytochrome c reductase. 

The data presented in Table II deserve some comment. The rate of 
DPNH oxidation (by molecular oxygen) by the crude particulate enzyme 
is considerably higher than the rate of cytochrome c reduction by the same 
preparation, the latter being determined by measuring the reduction of 
added exogenous cytochrome c. These results qualitatively confirm the 
earlier observations of Slater (27) and Green et al. (6). A number of alter- 
native explanations have been advanced to account for this phenomenon. 
Slater has postulated an extremely active endogenous cytochrome c as com- 
pared with the exogenous cytochrome c supplied as a substrate for his 
DPN-cytochrome c reductase. On the other hand, Green and his collab- 
orators (6) have questioned the importance of cytochrome c as a natural 
carrier in the DPNH-oxidase system, in view of the failure to detect at 
best only trace amounts of cytochrome c in their enzyme preparation. In 
terms of the latter view, the reduction of added cytochrome c observed with 
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the crude particulate preparation is a result of the system having been 
partially “opened” as a consequence of the manipulations involved in its 
preparations. Treatment of these particles with surface-active agents 
would then further ‘‘open” the system, with the result that the DPNH 
oxidase activity is markedly lowered if cytochrome c is not added. Hence 
the cytochrome c reduction by such preparations would be considered an 
artificial system bearing no relationship to the natural electron-transporting 
system. Hurwitz and Cooperstein (29) have been able to demonstrate 
in vitro that cytochrome oxidase can directly oxidize reduced cytochrome b 
without going through cytochrome c. It would, however, be difficult to 
rule out, by the conventional chemical or optical techniques, the existence 
in the DPN oxidase of a highly reactive endogenous cytochrome ¢, if it 
were present to the extent of | per cent or leas, In terma of the latter, the 
“open” ayatem of Green could be interpreted as one in which the highly 
reactive endogenous cytochrome ¢ has been lost or denatured during. pro- 
tein purification and at the same time the catalytic centers were made more 
accessible to added cytochrome c. In the present experiments with the 
enzyme preparation from rat skeletal muscle, cytochrome c could not be 
detected with the Beckman DU spectrophotometer, although with a more 
sensitive instrument it was shown to be present. The difference spectrum 
(Fig. 5, A) in fact resembles that of the water and saline-washed liver mito- 
chondria reported by Chance and Williams (30). 


SUMMARY 


The partial purification, ranging from 40- to 150-fold, of a DPN-specific 
cytochrome c reductase system from rat skeletal muscle has been described. 
Some of the components present in the particulate fraction, which also 
possesses DPNH oxidase and succinate-cytochrome c reductase activities, 
are cytochromes c, c;, b, and a (+ cytochrome a3). The system, which 
has a broad pH optimum in the region of pH 7.5, has been almost entirely 
freed, in the later stages of purification, of the enzyme or enzymes respon- 
sible for succinate oxidation. The enzyme is inhibited by Fet+, Cutt, 
Zn*+, and Cot** and the metal-binding agents a,a’-dipyridyl and 8-hy- 
droxyquinoline, but not azide. p-Chloromercuribenzoate caused a marked 
inhibition which was not reversed by sulfhydryl reagents. Antimycin A 
was found to be a powerful inhibitor of the DPN-cytochrome c reductase 
dissolved in the presence of digitonin as well as the particulate form in 
marked contrast to comparable enzymes which have been rendered soluble 
by extraction with acid or alcohol. The properties of this enzyme are dis- 
cussed in relation to the DPNH oxidase from which it was derived.’ 


? The authors are indebted to Bella C. Averbach and Ann J. Terrell for their tech- 
nical assistance. 
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THE ROLE OF LIPIDES IN ELECTRON TRANSPORT 


II. LIPIDE COFACTOR REPLACEABLE BY TOCOPHEROL FOR 
THE ENZYMATIC REDUCTION OF CYTOCHROME c* 


By ALVIN NASON anp I. R. LEHMANT 


(From the McCollum-Pratt Institute, The Johns Hopkins University, 
Baltimore, Maryland) 


(Received for publication, January 19, 1956) 


A number of reviews (1-4) summarizing the current status of our knowl- 
edge of vitamin I. (@-, B-, y-, and 6-tocopherols) have emphasized that its 
primary mechanism of action in the living organism is still unknown. 
Many of the effects of vitamin I! deficiency in various laboratory animals 
(c.g., Sterility, muscular dystrophy) as well as of the addition of the fat- 
soluble vitamin to various tissues and cell-free systems have been attrib- 
uted to the action of tocopherol as an intracellular antioxidant. It 1s 
generally believed, however, that the non-specific action of tocopherol as a 
physiological antioxidant represents a secondary réle, and that the vitamin 
acts primarily through some enzyme system, perhaps as a carrier in biologi- 
eal oxidation-reduction reactions. ‘That tocopherol might be involved in 
the enzymatic oxidation of reduced pyridine nucleotides was indicated by 
the marked stimulation of DPNH!' oxidation, specifically at the level of 
cytochrome c reduction, upon addition of the vitamin to a reaction mixture 
containing a partially purified preparation obtained from rat skeletal mus- 
cle (5,6). In the preceding paper (7) the purification and properties of the 
DPN-cytochrome c-reducing system from rat skeletal muscle have been 
described. 

The present paper elaborates on earlier reports (5, 6) from this laboratory 
showing that the marked decrease in activity of DPN- and succinate- 
cytochrome c reductases resulting from isooctane extraction can be com- 
pletely restored by the addition of tocopherol. Evidence is presented to 


* Contribution No. 148 of the McCollum-Pratt Institute. This investigation was 
supported in part by a research grant (No. G-2332) from the National Institutes 
of Health, United States Public Health Service, and by a research grant from the 
Muscular Dystrophy Associations of America, Inc. 

t Postdoctoral Fellow of the McCollum-Pratt Institute. Present address, De- 
partment of Microbiology, Washington University School of Medicine, St. Louis, 
Missouri. 

1 The following abbreviations are used: DPN and DPNH, oxidized and reduced 
diphosphopyridine nucleotide, respectively; TPN and TPNH, oxidized and reduced 
triphosphopyridine nucleotide, respectively; Tris, tris(hydroxymethy]) aminometh- 
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show that the added tocopherol acts in a catalytic fashion in the sequence 
of electron transport just before cytochrome c and that there is a competi- 
tive inhibition of antimycin A with tocopherol. However, the naturally 
occurring lipide material removed by isooctane extraction is not free to- 
copherol, although it is considerably more effective in restoring activity of 
the extracted enzyme. 


Materials and Methods 


The preparation of cytochrome c reductase from rat skeletal muscle and 
many of the materials and assays of enzymatic activities have already been 
described in the preceding paper (7). The various tocopherols and their 
derivatives used in this study were generously supplied by the Distillation 
Products Division of the Eastman Kodak Company. Some of the d-a-to- 
copherol, as well as vitamin K,, menadione, and vitamin D, was generously 
given by Merck and Company. The antioxidants nordihydroguaiaretic 
acid, Santoflex B, Propyl Parasept, dibutyl p-cresol, dipheny] p-phenylene- 
diamine, and Santoquin were kindly provided by Dr. Klaus Schwarz. 

Jardiolipin and 95 per cent purified egg yolk lecithin were made available 
to us through the generosity of Dr, A, G, Osler, Dr, Herbert: i, Carter, 
and Dr, Norman Bates, respectively, Crystalline bovine serum albumin 
was obtamed from Armour and Company, and also generously provided, 
together with samples of crystalline human serum albumin and Fraction 
of human serum y-globulin (8), by Dr. Walter L. Hughes, ‘The steroid 
hormones used were kindly supphed by the Johns Hopkins Hospital, Anti 
myein A was obtained from the Wisconsin Alumni Research Foundation 
and spectral grade isooctane (2,2,4-trimethylpentane) from the Phillips 
Petroleum Company and Merck and Company. The different fatty acids 
and their esters were obtained from the Mann Research Laboratories and 
Armour and Company. d-a-Tocopheroxide was prepared by ferric chlo- 
ride oxidation of d-a-tocopherol in the presence of 2,2’-bipyridyl, accord- 
ing to the method of Boyer (9). 

Preparation and Assay of Tocopherol Suspenstons—d-a-Tocopherol sus- 
pensions were prepared by dissolving approximately 20 to 30 mg. of the 
vitamin (viscous oil) in 0.3 ml. of 100 per cent ethanol, followed by grind- 
ing with 1.7 ml. of 0.2 per cent crystalline bovine serum albumin in 0.1 m 
phosphate buffer, pH 7.5, in a TenBroeck glass homogenizer for approxi- 
mately 3 minutes. Centrifugation of this mixture for 5 minutes at about 
500 X g yields a uniform white turbid suspension, which is stored at — 15° 
in test-tubes wrapped in aluminum foil for protection from the light. The 
ethanol-albumin-tocopherol suspension can be used for approximately 1 
week, apparently maintaining itself as a uniformly dispersed suspension. 
Although in the earlier experiments a 2 per cent albumin solution was used 
to ‘‘suspend”’ the tocopherol, later work showed that a concentration of 
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0.2 per cent albumin could serve equally well. The concentration of to- 
copherol in the ethanol-albumin mixture was determined by measuring its 
extinction at 297 my against a control cuvette containing only an ethanol- 
albumin solution, with 3.31 X 10? sq. cm. & mole as the extinction co- 
efficient for d-a-tocopherol (10). The coefficient was also calculated from 
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hia, 1, A, comparison of absorption spectrum of ethanol albumin tocopherol sua- 
pension with that of the tocopherol subsequently extracted with isooctane, The 
dw tocopherol was originally suspended in a per cent ethanol? per cent bovine 
serum albumin solution, diluted 10-fold with O10 phosphate buffer, pll 7.5, and ite 
spectrum measured against a control euvette containing only the ethanol albumin 
solution diluted as above. The isooetane solution of tocopherol waa prepared by 
extracting of the ethanol albumin tocopherol stock solution five times with 
1.0 ml. portions of isooctane, pooling the extracts, diluting 2-fold with isooctane, and 
measuring its spectrum against a control cuvette containing a similarly prepared 
isooctane extract of ethanol-albumin stock solution. 2B, linearity of optieal density 
readings of different concentrations of ethanol-albumin-tocopherol suspensions, and 
its similarity to corresponding isooctane extracts. The indicated aliquots of the 
ethanol-albumin-tocopherol suspension were made up to 3.0 ml. with 0.10 M phosphate 
buffer, pH 7.5, and their optical densities measured at 294 mu (O) against a control 
cuvette containing only the ethanol-albumin solution of the same dilution. Their 
corresponding isooctane extracts (prepared by extracting the various aliquots of the 
ethanol-albumin-tocopherol five times with 0.5 ml. portions of isooctane, pooling the 
extracts, and making up to 3.0 ml. with solvent) were measured at 297 mz (@) against 
a control cuvette containing similarly prepared isooctane extracts of the ethanol- 
albumin solution. 


optical density measurements at 294 my of known amounts of d-a-tocoph- 
erol dissolved in spectral grade isooctane. That the spectrophotometric 
procedure was reliable was shown by comparing the absorption spectrum 
of the ethanol-albumin-tocopherol suspension in the peak absorption region 
of 294 to 297 mu with the spectrum of an isooctane extract of equal volume 
from the same suspension. In Fig. 1, A, in the region of peak absorption 
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the optical density of the ethanol-albumin-tocopherol suspension is almost 
identical with the corresponding isooctane extract. In further support of 
the reliability of this method is the linear relationship between the optical 
density readings at 297 my and the different aliquots of the ethanol-al- 
bumin-tocopherol suspension and its similarity to the corresponding iso- 
octane extracts at 294 my (Fig. 1, B). If too much vitamin E is initially 
mixed with the ethanol-albumin, then the corresponding isooctane extracts 
show considerably higher tocopherol readings. Apparently the excess to- 
copherol not in “suspension” in the albumin is now also dissolved in the 
isooctane. 

Isooctane Extraction of Enzyme—Isooctane-extracted enzyme was pre- 
pared by shaking 1 to 5 ml. of enzyme with an equal volume of cold spectral 
grade isooctane for 1 minute in a test-tube followed by centrifugation at 
approximately 500 X g for 30 seconds. ‘The isooctane is conveniently re- 
moved by means of a pipette with a rubber pressure bulb. Successive ex- 
tractions were performed in the same manner with fresh portions of solvent. 


Results 


Effect of Tocopherol on DPNH Oxidation—In order to test the possibility 
that tocopherol is involved in the biological oxidation of reduced pyridine 
nucleotides the effect of tocopherol as an ethanol-albumin suspension on 
the enzymatic oxidation of DPNH by various tissue extracts was examined, 
Cellfree extracts of rat skeletal muscle showed the most consistent and 
marked increases in DP NIL oxidation upon addition of tocopherol, ‘The 
incrensed rate of DUNE oxidation with added tocopherol varied from 2. 
to Gold, with partially purified particulate preparations from rat skeletal 
The addition of cytochrome to the reaction mixture resulted in 
a Zfold increase in both DPNTD oxidase activity and the tocopherol en 
hancement effect, That tocopherol acta at some point between DPN 
and the cytochrome ¢ level was shown by the fact that it stimulated eyto- 
chrome ¢ reductase activity but not cytochrome ¢ oxidase. 

Extraction of Enzyme by Organic Solvents—In order to demonstrate the 
tocopherol enhancement effect with each new enzyme preparation, it was 
necessary to store the enzyme fraction at — 15° for 2 to 10 days with occa- 
sional testing. The assumption that the enzyme system is accompanied 
by a lipide component, possibly related to tocopherol, that partially dis- 
sociates under the conditions mentioned before prompted an attempt to 
remove the presumed “‘tocopherol-like cofactor” by extraction with various 
non-polar solvents. Table I shows the effect on DPN-cytochrome c re- 
ductase activity of extracting the digitonin-treated enzyme (Fraction IV, 
Table I, Paper I (7)) by shaking with organic solvents in the same manner 
as described for isooctane extraction under “‘ Materials and methods.” Of 
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the twenty-four solvents tried, isooctane (2 ,2,4-trimethylpentane) proved 
to be the most efficient in that it resulted in the largest decrease in enzyme 
activity, which could then be completely restored upon addition of d-a-toc- 
opherol to the reaction mixture. Cyclohexane, Skellysolve, petroleum 
ether, and hexane were less effective, while the other solvents caused inacti- 
vation of the enzyme. Extraction of the particulate enzyme (Fraction IT, 


TABLE I 


Tocopherol Requirement of Digitonin-Treated DPN-Cytochrome c Reductase 
after Single Extraction with Organic Solvents 


The values are given as AE'559 mu X 10? per 2 minutes. 


Addition Addition 
Solvent Solvent 
Al- Toco- Al- | Toco- 

bumin | pherol bumin | pherol 
Control 89 105 Laury! alcohol* 
Isooctane 31 102 n-Undecy] alcohol 7 10 
Petroleum ether 48 85 n-Decy! alcohol 0 15 
Kethyl ether 1 7 n-Nony] alcohol 19 8 
Skellysolve 64 108 n-Octyl] alcohol 0 6 
Hexane 35 64 n-Heptyl alcohol 8 6 
Cyclohexane 53 103 n-Hexanol 11 0 
Xylene 6 13 n-Amyl alcohol 1 15 
‘Toluene acetate 12 15 
Carbon tetrachloride | 6 Vropyl * 2 20 


"OR tal portions of digitonin treated enzyme (Praction IV, Paper (7)) were 
extracted ones by shaking the enzyme with an equal volume of indieated cold aol 
vent The solvent layer wae then discarded and the enzyme aseayed for DPN eyteo 
chrome reduetase ve deserihed with added per cent ethanel 2 per cent albumin 
ond with added die tocopherol (1.08 pmole per ml, final concentration) auapended 
inethanolalbumin, The enzyme was precipitated by the lauryl aleohol, 


Table 1, Paper I (7)) three times with each organic solvent, instead of one 
time with digitonin-treated enzyme as above, showed that isooctane was 
the only effective solvent. 

Tsooctane Extraction of Enzyme—F¥ig. 2 demonstrates the effect of an in- 
creasing number of isooctane extractions on the DPN-cytochrome ¢ reduc- 
tase, DPNH oxidase, and cytochrome c oxidase activities of the particulate 
preparation (Fraction I1) from rat skeletal muscle. Three to five extrac- 
tions of the particulate enzyme fraction with isooctane resulted in a 75 to 
95 per cent decrease in cytochrome c reductase, which could then be com- 
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pletely restored by addition of d-a-tocopherol (Fig. 2, A). Further extrac- 
tions resulted in a progressive loss of activity that could be only partially 
reversed by subsequent addition of the vitamin. DDPNH oxidase exhibited 
essentially the same behavior (Fig. 2, B), whereas cytochrome c oxidase 
showed a progressive loss of activity that could not be consistently restored 
by subsequent addition of tocopherol (Fig. 2, C), although in some cases 
positive results were observed. The succinate-cytochrome c reductase ac- 
tivities of this and other fractions also showed a similarly striking to- 
copherol requirement after isooctane treatment. Experiments that in- 
volved the combining of the unextracted and isooctane-extracted enzymes 
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riled out the presence of an inhibitor in the latter should be noted that 
the preparations of DPN cytochrome reductase which represent the su 
pernatant solution of the digitonin-treated particles and the subsequent 
calcium phosphate gel eluates (Table IT, Paper [ (7)) required only one 
isooctane extraction to reduce enzyme activity to a minimum. Addition 
of tocopherol resulted in complete restoration. On the other hand, purified 
soluble pig heart DPN-cytochrome c reductase (11) and purified soluble 
pig liver TPN-cytochrome c reductase (12), kindly provided by Dr. H. R. 
Mahler and Dr. B. L. Horecker, respectively, did not show any tocopherol 
effect. before or after isooctane extraction. 

Specificity of Tocopherol Stimulation—Fig. 3 summarizes the effects of 
different concentrations of the various tocopherols and derivatives, as well 
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as other fat-soluble compounds, in restoring the activity of isooctane-ex- 
tracted DPN-cytochrome c reductase. Except for some differences in their 
affinities, the tocopherols and d-a-tocopheroxide were fully effective (Fig. 
3, A), while tocopherylquinone and its hydroquinone only partially restored 
enzyme activity (Fig. 3, B). On the other hand, the succinate, acetate, 
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— 
NUMBER OF EXTRACTIONS 
Fia. 2, B and C 


Fia. 2. Effect of increasing number of isooctane extractions and subsequent reac- 
tivation by tocopherol on DPN-cytochrome ¢ reductase, DPNH oxidase, and cyto- 
chrome ¢ oxidase of particulate fraction from rat skeletal muscle. A, B, and C rep- 
resent the DPN-cytochrome ¢ reductase, DP? NH oxidase, and cytochrome oxidase 
Measurements, respectively, with and without subsequently added d-a- tocopherol 
suspended in ethanol-albumin, ‘Two kinds of controls were employed with each ex- 
traction, One which received subsequent addition of ethanol albumin without tocoph 
and the other which received plosphate buffer addition control) in 
allumin tocopherol The DUNE aid 
were aa deaeribed in the previews paper (7) ‘The eyte 
woe mealified in that per cent and more 
DPN pertol) were teed Theenryme fraction contained 
of protein per Of ml of 1h per cent ethanol 2 percent be 
vine serum albumin or 0.08 ml. of de tocopherol (approximately 4 pmolea per ml) 
in the ethanolalbumin waa added as indicated. 


disodium phosphate, and polyethylene glycol 1000 succinate esters (Tig. 
3, B), as well as the vitamin Ff; nucleus (2 ,2,5,7,8-pentamethyl, 6-hydroxy- 
chroman), showed little or no activity. As shown in Fig. 3, C, vitamin 
Ki, menadione, vitamin Dz, cardiolipin, cholesterol, and oleic acid had little 
or no effect. Lipoic acid, cysteine, purified egg yolk lecithin, and crude 
animal and vegetable lecithins obtained from the Nutritional Biochemicals 
Corporation were also inactive. Although a partially purified preparation 
of lecithin from beef heart had full activity at a final concentration of 10~ 
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M, & presumed contamination of 10 per cent lipide cofactor could account 
for this effect. The antioxidants nordihydroguaiaretic acid, Santoflex B, 
Propy] Parasept, dibutyl p-cresol, diphenyl p-phenylenediamine, and San- 
toquin, in final concentrations ranging from 10-5 to 10-4 mM, showed no 
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stimulatory effect and, in the higher concentrations of the range, were in 
fact inhibitory. ‘The last two compounds have been reported to be effec- 
tive substitutes for vitamin E in protecting against dietary necrotic liver 
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Kia, 3. Effect of the tocopherols and other compounds in reactivating rat skeletal 
muscle DPN-cytochrome ¢ reductase after isooctane extraction. The DPN-eyto- 
chrome ¢ reductase assay was the same as described in the previous paper (7) except 
that O.1 ‘Tris buffer, 7.9, was used. ‘The enzyme fraction contained 66 of pro- 
tein per 0.05 mil, of digitonin treated enzyme, Unless otherwise indicated the various 
‘ompounds tested were added in per cent ethanol 1h per cent albumin, A repre- 
seule the effects of the various A, locopheroxide; (1, locopheral 
A, @, dla tovapheral, tocopherol, @, 4, 
7, pentamethyl represents the effecte af varioua 
derivatives: ©), dae A, de quingne, 01, 
@, dae hydroquinone, dae polyethylene 
auecinate, de acid auecinate, A, doy 
phate (aqueous solution). representa the effeeta of varioua other eompounda: 
da tovopherol; (1, vitamin Ky Gin ethanol); A, menadione (in 14 per cent acetone 
solution); ©, cholesterol (in ethanol); @, cardiolipin; A, vitamin D, (in ethanol); 
oleic acid (in alcohol); HB, cystine hydrochloride. 


degeneration (13). N-Dodecyl aldehyde, an activator of luminescence by 
bacterial extracts (14), at final concentrations of approximately 10-5 to 
10-* m was inactive. The steroids pregnanediol, estrone, estradiol, corti- 
sone E, and cortisone F at the final concentrations tried (10~-* to 5 & 107-8 
M) were also without effect. Also ineffective were palmitic acid, tripalmi- 
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tate, palmitic methyl ester, stearic acid, tristearate, stearic acid methyl 
ester, linolenic acid, linolenic acid methyl ester, caprylic acid, capric acid, 
-lauric acid, calcium phosphate gel, purified human y-globulin, and egg 
albumin. Crystalline bovine serum albumin, however, in a final concen- 
tration of approximately 1 per cent can completely restore the activity of 
the isooctane-extracted enzyme. This has been shown to be due to a lipide 
material, bound to the albumin and extractable with isooctane, which is 
not free tocopherol (15). The above results emphasize the specific activat- 
ing effect of the tocopherols? for cytochrome c reductase. The activities 
of the different tocopherols in the cytochrome c reductase system show no 
correlation with their biological potencies as reported in the literature (1-4). 
Upon ashing, d-a-tocopherol yielded little or no residue. A solution of the 
latter, prepared by treatment with concentrated HCl followed by neutrali- 
zation with NaOH, had no effect in restoring the isooctane-extracted en- 
zyme. Neither Fet*+, Fet**+, Cutt, Znt+, Cott, Mnt+, Catt, BO;*-, 
MoO,, nor Mgt", in concentrations ranging from 10-* m to 5 X 10‘ M, 
was able to reactivate the extracted enzyme in place of added tocopherol. 

Active Enzyme Lipide Extracted by Isooctane—In the absence of added 
tocopherol, restoration of enzyme activity has been obtained by adding to 
the extracted cytochrome c reductase the residue remaining after vacuum 
distillation of the isooctane extract of boiled enzyme. Examination of such 
active, isooctane extraction residues has failed to reveal the presence of 
any free tocopherol, as measured by a paper chromatography procedure 
(16), with a demonstrated ability to detect 5 y. Furthermore, spectro- 
photometric examination of the residue before and after treatment with 
ascorbic acid, the latter to reduce any possible tocopheroxide present (9), 
failed to show the absorption in the region of 297 my characteristic of to- 
copherol, An approximately 200-fold) purification has thus far been 
achieved of the lipide cofactor starting with beef heart homogenate.’ A 
concentration of 107 of purified lipide cofactor per ml, of reaction mixture 
can restore 60 per cent of the activity of the isooctane-extracted enayine in 
tothe 46 7 of locopheral required for the same effect, 
inary eludies of the properties of this lipide, ineluding solubility and stabil 
ity under various conditions, have further confirmed that it contains ne 
free tocopherol, Th has also been possible by these means to show that 
the activity of tocopherol is not due to contamination by the lipide cofac- 


? Tocopherol dissolved in ethanol, instead of suspended in albumin, can also re- 
store the activities of DPN- and sueccinate-cytochrome c reductases and DPNH oxi- 
dase. The use of ethanol is limited, however, in view of the removal of tocopherol 
from solution upon addition to the aqueous reaction mixture, as well as the sensitiv- 
ity of the enzyme to low concentrations of ethanol. 

§ Donaldson, K. O., Nason, A., and Lehman, I. R., in preparation. 
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tor. This is further supported by the fact that synthetic tocopherol (the 
racemic (dl)) mixture has restoration activity which is comparable to the 
naturally occurring d-a-tocophero] (Fig. 3, 4). Whether the lipide bound 
to crystalline bovine serum albumin previously indicated (15) is identical 
with the naturally occurring cofactor obtained from beef heart or rat skele- 
tal muscle remains to be shown. Work is now in progress to purify further 
and identify the lipide cofactor in muscle tissue and bovine serum albumin. 


TABLE II 


Effect of Number of Isooctane Extractions on DPN-Cytochrome c Reductase 
Activity, and Lipide Content of Particulate Preparation 
of Rat Skeletal Muscle 


The values are given as AE'559 mu X 10* per 2 minutes. 


DPN-cytochrome ¢ reductase ae 
No. of extractions 
Plus albumin Plus d-a-tocopherol 
0 184 172 100 
1 117 188 95 
2 71 178 91 
3 36 145 89 
4 32 148 88 
5 21 134 84 
6 28 99 82 


* Lipide content is expressed on a dry weight basis after correction for added 
salts. 5.0 ml. of particulate enzyme (3.4 mg. of protein per ml., Fraction III) were 
extracted with an equal volume of isooctane as described under ‘‘Materials and 
methods.’? The DPN-cytochrome c¢ reductase assay was made in the usual manner 
(7) with and without added d-a-tocopherol (0.09 wmole per ml., final concentration) 
suspended in 15 per cent ethanol-0.2 per cent albumin, with the usual ethanol- 
albumin control. Lach of the isooctane extracts was vacuum-distilled and the 
weight of the lipide residue determined. ‘Total lipide content of the enzyme was 
performed by extraction of a trichloroacetic acid precipitate of the enzyme with a 
Si solution of absolute ethanol ether for 6 hours ia a Soxhlet apparatus, 


‘The data of Table Ul demonstrate that three to five extractions of the 
particulate engyine resulted in only a LO bo per cont decrease in the 
lolal lipide of the fraction, whereas engyine activity wae lowered by almost 
percent, The concentration of lipide on a dry weight basis in these 
preparations varies from 60 to 65 per cent, Similar results have been ob- 
tained with a purified succinie oxidase preparation from beef heart provided 
by Dr. D. . Green, Tsooctane extraction resulted in a 90 per cent decrease 
in DPN- and suceinic-cytochrome ¢ reductase activities with a concomitant 
removal of only 5 per cent of the lipide. The addition of tocopherol or 
extracted lipide restored enzyme activity. 
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Antimycin Inhibition and Indophenol Reduction—The striking inhibition 
of the digitonin-treated, unextracted DPN-cytochrome c reductase by anti- 
mycin A can be partially reversed by the addition of tocopherol (Fig. 4), 
Crystalline bovine serum albumin or purified human serum y-globulin con- 
trols in the amounts used as vehicles for the tocopherol were ineffective. 
At higher concentration of antimycin A, no reversal by tocopherol was at- 
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Fia. 4. Antimycin A inhibition of digitonin-treated DPN-cytochrome c reductase 
from rat skeletal muscle and its partial reversal by tocopherol. The control reaction 
mixture contained 0.1 ml. of enzyme (120 7 of protein), 0.04 ml. of 2 per cent aqueous 
cytochrome c, 0.1 ml. of 10°? Mm KCN, 0.04 ml. of DPNH (1.15 wmoles per ml.), and 
0.1 m Tris buffer, pH 7.9, to give a final volume of 1.0 ml. As indicated, 0.02 ml. of 
absolute ethanol containing various concentrations of antimycin A were added at 
zero time; control, O; 0.001 y of antimycin A, A; 0.002 7 of antimycin A, A and 1); 
0.004 7 of antimycin A, @, 3 minutes after the reactions had been started the follow- 
ing additions were made as indicated: 0.02 ml. of d-a-tocopherol (4.4 pmoles per ml.) 
ina 16 per cent ethanol? per cent human y globulin suspension; 16 per cent ethanol 
per cent human globulin, 16 per cent ethanol per cent bovine serum albumin 


tained, Purther expertinents showed a competitive inhibition of antimyein 
A with tocopherol in the cytochrome ¢ reductase ayatem, aa demonatrated 
by the Lineweaver- Burk plota (17), 

Table THT shows that, when 2,6-diehloroindophenol was used as the elee- 
fron acceptor in place of added cytochrome c, there was no inhibition by 
antimycin A of dye reduction. Tixtraction with isooctane caused no signif- 
icant change as compared with the unextracted digitonin-treated enzyme, 
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with or without added tocopherol, whereas the rate of cytochrome c reduc- 
tion was more than 50 per cent lower if tocopherol was not added. 
Essentially the same results were obtained with the particulate enzyme 
preparation, except that added tocopherol consistently stimulated the rate 
of indophenol reduction about 30 to 50 per cent. Isooctane extraction of 


TABLE III 


Effect of Tocopherol and Antimycin A on Reduction by DPNH of Cytochrome c 
and Indophenol Dye with Cytochrome c Reductase from Rat 


Skeletal Muscle 
Cytochrome ¢ 2,6-Dichloroindophenol 
reduction reduction 
Treatment 
AEsso my per 2 min. —AEes my per 2 min. 
103 xX 108 


Isooctane-extracted enzyme 


Control 55 82 
Plus d-a-tocopherol 113 93 
Unextracted enzyme 
Control 98 90 
Plus d-a-tocopherol 109 94 
“ 0.001 7 antimycin A 56 86 
“ 0.002 + 27 134 
“ 0.004 24 123 
“ 0.01 0 126 


The reaction mixtures for the DPN-cytochrome c reductase were essentially the 
same as those described for Fig. 5, except that no further additions were made after 
zero time. In the experiments with indophenol reduction, a final concentration of 
3X 10°° m 2,6-dichloroindophenol was used in place of added cytochrome c, and 
its reduction followed at 635 mp. ‘The protein content of the digitonin-treated en- 
zyme used in each reaction mixture was 1007. 0.02 ml, of d-a-tocopherol (4.4 pmoles 
per ml.) ina 16 per cent ethanol 2 per cent bovine serum albumin was used as indi 
cated. 


the particulate preparation, however, had no effeet on the rate of inde 
phenol reduction, whereas DPN cytochrome ¢ reductase activity waa low 
ered to ne little as one-tenth of ite orginal activity and then completely 
restored upon addition of tocopherol, 

Catalytic Réle of Tocopherol ‘The above results with antimyem A inhib 
tion, its reversal and competition with tocopherol, and the use of indo- 
phenol as an electron donor suggest that the site of action of tocopherol, 
and therefore that of the unidentified lipide cofactor, is close to cytochrome 
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c, probably between cytochromes b and c. Thus far it has not been pos. 
sible to show either that d-a-tocopherol will serve as an electron donor in 
place of DPNH for cytochrome c reduction or that d-a-tocopheroxide will 
serve as an electron acceptor for DPNH oxidation in this system. The 
possibility exists, however, that only the vitamin E bound to the enzyme 
could undergo oxidation-reduction in concentrations not detectable by the 
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Fic. 5. Comparison of extent of DPNH oxidation by isooctane-extracted enzyme, 
with and without added tocopherol, demonstrating the catalytic réle of tocopherol. 
The horizontal dotted line represents the amount of d-a-tocopherol in millimicromoles 
(suspended in 15 per cent ethanol-0.2 per cent bovine serum albumin) added to the 
‘plus tocopherol’’ reaction mixture. DPNH oxidase was assayed as described (7) 
except that the particulate rat skeletal muscle enzyme preparation (Fraction III) 
was added in equal amounts at the beginning of the reaction and again after 60 min- 
utes, a total of 114 y of protein. Also, DPNH was added at the beginning of the re- 
action as well as after 10 and 55 minutes to make a total of 464 mymoles of DPNH. 


assay methods used here, That tocopherol is serving in a catalytic fune- 
tion is shown in Pig, 6 A comparison of the extent of DUNE oxidation 
alter OO with issoctane-extracted enzyme indicates that the reac. 
lion containing added tocopherol (17 tiyinoles) has oxidized 105 
more Of than has the corresponding control 
Hole of added fosopherol promotes the engymatio ovidation of at least 6 
of DPN 

Ubiquity of Tocopherol Activation and Lipide Cofactor ‘Table lists 
some of the various tissues and organisms which have been examined for 
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the tocopherol enhancement effect on DPN-cytochrome c reductase after 
jsooctane extraction. The cytochrome c reductase of Escherichia coli and 
Pseudomonas fluorescens did not respond to added tocopherol. The possi- 
bility has not been eliminated, however, that the enzyme of these organisms 
may be more vulnerable to denaturation by the isooctane treatment. 


TABLE IV 
Ubiquity of Tocopherol Requirements for DPN-Cytochrome c Reductase* 
The values are given as AE'550 Mu X 10? per 2 minutes. 


DPN-cytochrome ¢ reductase 
‘ No. of isooctane 
Tissue Method of preparation 
albumin d-a-tocopherol 
Hamster skeletal Ammonium sulfate 2 49 110 
muscle fractionation 

Beef heart muscle | Resuspended high 5 26 174 
speed pellet 

Human pectoral Digitonin-treated 1 23 117 

muscle 

Rat liver - 2 36 63 

Pig heart muscle a 1 15 28 

Yeast Crude sonic extract 3 40 72 

Neurospora crassa | Resuspended high 10 85 129 
speed pellet 

Soy bean leaves Resuspended high 1 25 44 
speed pellet 

E. colt Crude sonicate 3 26 27 

P. fluorescens Resuspended high 8 51 51 
speed pellet 


*The DPN-cytochrome c reductase assays were performed as described in the 
previous paper (7). Approximately 0.30 umole of d-a-tocopherol suspended in 15 
per cent ethanol-0.2 per cent bovine serum albumin was used in each reaction mix- 
ture as indicated. 


Table V enumerates the different tissues and organisms that have been 
lested for the presence of the lipide cofactor based on the ability of boiled 
preparations lo restore the aclivily of isooclane-extracted DIP N-cytochrome 
(vedietase of fat muscle. Most of the tested material was positive. ta 
hese ne allempl wae made to determine how much of the autivity 
be to any endogenota free in the boiled prepa 
rations. 


authors are indebted to Rella Averhach and Ann Terrell for their teeh 
nical agsistance. 
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TABLE V 
Ubiquity of Lipide Cofactor 


Present Absent 
Rat liver* Acetone powder of yeastT 
kidney* Tobacco leavest 
N. crassat Potato 
Yeastf Kidney bean leavest 


Mycobacterium butyricum§ 
Azotobacter vinelandi1§ 
P. fluorescens§ 
Pseudomonas lindneri§ 
Beef heart muscle* 
Rat braint 

‘¢ mitochondriaft 


Each tissue was boiled for 1 minute, then added in varying amounts to an isooc- 
tane-extracted rat skeletal muscle DPN-cytochrome c reductase. The presence of 
the lipide cofactor was indicated if the activity of the extracted enzyme was re- 
stored to the unextracted level by the addition of the boiled tissue employing the 
DPN-cytochrome c reductase assay described (7). 

* Homogenized with 10 times its weight of 0.1 m phosphate buffer, pH 7.5, in a 
TenBroeck glass tissue grinder. 

t Homogenized with 5 times its weight of phosphate buffer as in the asterisk foot- 


note. 
t Homogenized with 4 times their weight of phosphate buffer as in the asterisk 


foot-note. 
§ Crude sonic extract. 


DISCUSSION 


In view of the above results it appears that the terminal electron trans- 
port system, DPNH oxidase (and also succinate oxidase), contains as one 
of its active components a lipide cofactor which functions just before the 
level equivalent to cytochrome c. The lipide, which is extracted with iso- 
octane and can be substituted for specifically by the tocopherols, although 
it itself contains no free tocopherol, is involved in the following scheme of 
electron transfer: 


lipide cofactor 


itamin 
DPNH — > flavin (?) — cytochrome b (vitamin E) > 


cytochromes ¢, and ¢ a4 Oy 


As indicated in Paper 1 (7), the evidence is not yet conclusive that cyto: 
chromes and ¢ are components on the main pathway of oxidase 
of rat skeletal muscle, nor ia there yet positive evidence that a Mavin is 
involved, ‘Thus far it has not been possible to demonstrate that 
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erol, where it substitutes for the lipide cofactor, undergoes alternate oxida- 
tion and reduction. Yet it has been shown to function in a catalytic ca- 
pacity. In view of the limitations of detecting oxidation-reduction changes 
of small quantities of added vitamin E bound to the enzyme, the possibility 
has not been eliminated that tocopherol, and by extension the lipide co- 
factor, act as true electron carriers. Alternatively, tocopherol or the lipide 
cofactor may function indirectly in electron transport, perhaps as a specific 
binding material for other components of the system. It might conceiv- 
ably act as a cementing material or part of a lipide sheath which maintains 
cytochromes b and c in a juxtaposition or adequate spatial arrangement for 
optimal reaction with each other. It may well be that a number of lipide 
and also non-lipide substances may function in this fashion and that iso- 
octane extraction removes only one or a few of the more loosely bound 
non-polar constituents. Although TPN-cytochrome c reductase activity 
(approximately one-tenth as active as the DPN-cytochrome c reductase) 
of the particulate fraction is sensitive to antimycin A and is lowered by 
isooctane extraction, it is not restored by the addition of tocopherol. This 
would indicate that different enzyme systems are involved in these two 
activities. ‘This may be of interest since it has been found that TPNH 
oxidation in liver mitochondria does not yield energy-rich phosphate 
bonds.® 

In the rat skeletal muscle preparation the removal of 10 per cent of 
the total lipide inactivated 90 per cent of the enzyme. The strikingly high 
lipide content of partially purified oxidases of DPNH and succinate rang- 
ing from 30 to 60 per cent on a dry weight basis (18-20) are made up of 
various constituents. Lecithinase has been reported (20-24) to inactivate 
liver and heart terminal electron transport systems near the site of reduc- 
tion as well as oxidation of cytochrome c, although there was no reported 
attempt to reactivate by adding back lecithin. Edwards and Ball (20) feel 
that the function of phospholipides in succinate oxidase is that of a cement- 
ing substance in view of the inactivation of the system by various phos- 
pholipases. They used succinate oxidase preparations containing 25 to 30 
per cent phospholipide, one-half of which was lecithin, the other half being 
composed of phosphatidyl ethanolamine and phosphatidyl serine, with neg- 
ligible amounts of sphingomyelin, cardiolipin, and acetal phosphatides. 

The importance of spatial integration in the functioning of the succino- 
oxidase complex has been stressed by Keilin and Hartree (25). They at- 
tributed the marked increase in activity of their preparations by protein 
and calcium phosphate gel to a non-specific effect on the colloidal structure 
of the enzyme, presumably by reorienting the catalytic components, eape- 
Gally endogenous eylochrome ¢ within the colloidal particles, Lysine and 
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glyoxaline-4 ,5-dicarboxylic acid (26) and histidine (27) have also been 
shown to activate preparations of Keilin-Hartree horse heart succinate 
oxidase in unfavorable environments. Altman and Crook (28), however, 
have ascribed the action of the above materials as well as other chelating 
agents including Versene to their ability to adsorb or chelate heavy metals 
which are present as contaminants in the reaction mixture. Bonner (29), 
who also obtained similar results with the above chelating agents and ad- 
sorbents in the succinate system, interpreted his data as indicating that 
“the chemical tombining properties of these activating agents play a rdéle 
in drawing together the various components and in this manner ensuring 
their mutual accessibility, one to the other.”’ The results reported here 
with tocopherol, the lipide cofactor from muscle, and the bound lipide of 
bovine serum albumin appear to be related to one and the same phenom- 
enon and are different from those reported in the above literature by virtue 
of their specificity. It has already been demonstrated (15) that a lipide 
material, bound to crystalline bovine serum albumin and probably identical 
with the lipide cofactor of muscle, is responsible for the ability of the al- 
bumin to reactivate the isooctane-extracted enzymes. Whether the lipide 
cofactor is a conjugated form of vitamin E or a substance unrelated to it 
has yet to be determined. The fact that the tocopherols specifically replace 
the lipide in the DPN-cytochrome c reductase tends to favor the former 
possibility. Work is now in progress on the purification and identification 
of the active lipide components, and the relationship of the ubiquitous 
lipide cofactor or tocopherol enhancement effect in oxidative phosphoryla- 
tion and in dystrophic muscle in humans and in vitamin E-deficient labo- 
ratory animals. 


SUMMARY 


1. With a 10- to 25-fold purified particulate fraction from rat skeleta! 
muscle a marked enhancing effect of d-a-tocopherol on the rate of DPNH 
oxidation, specifically on the reduction of cytochrome c, was demonstrated. 
The reduction of cytochrome c by succinate with the same preparation or 
other fractions was also shown to be activated by vitamin E. Isooctane 
extraction of the particulate or digitonin-treated enzyme fractions resulted 
in about a 75 to 95 per cent decrease in cytochrome c reductase activity 
with the concomitant removal of only 10 per cent of the enzyme lipide. 
Enzymatic activity could be completely and specifically restored upon ad- 
dition of the tocopherols or d-a-tocopheroxide. All other substances tried 
including the tocopheryl esters, other fat-soluble vitamins, various cofac- 
tors, steroids, fats, fatty acids, and a number of antioxidants showed little 
or no activity. 

2. Although tocopherol does not appear to undergo alternate oxidation 
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and reduction, it has been shown to function in a catalytic rdle. The resi- 
due resulting from vacuum distillation of the isooctane used in the extrac- 
tion procedure can also restore the enzyme in place of added tocopherol. 
However, the residue does not contain free tocopherol and appears to be 
at least approximately 5 times as active as tocopherol on a weight basis. 
This lipide cofactor, which is now being purified, may be a conjugated form 
of vitamin E or possibly a substance unrelated to it. The activity of crys- 
talline bovine serum albumin in place of tocopherol can be ascribed to a 
lipide bound to the albumin, probably identical with the lipide cofactor 
from muscle. 

3. The particulate or digitonin-treated DPN-cytochrome c reductase is 
markedly inhibited by small concentrations of antimycin A, a reaction 
which is reversed by tocopherol. When the dye 2,6-dichloroindophenol is 
used as the electron acceptor in place of added cytochrome c there is no 
inhibition by antimycin A of dye reduction, nor is there any effect of iso- 
octane extraction or tocopherol addition. The ubiquity of the tocopherol- 
stimulating effect as well as of the presence of the lipide cofactor in various 
tissues and organisms has been demonstrated. It is surmised that the 
lipide cofactor functions in the following sequence of electron transport: 


lipide cofactor 


itamin E 
DPNH — flavin (?) — cytochrome } n> > 


cytochromes c; and c — a — a; — Oz 
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SPARING OF PALMITIC ACID OXIDATION BY 
CARBOHYDRATE: PREFEEDING VERSUS 
ADDITION TO MEDIUM* 


By W. J. LOSSOW, G. W. BROWN, Jr., anv I. L. CHAIKOFF 


(From the Department of Physiology of the University of California 
School of Medicine, Berkeley, California) 


(Received for publication, January 26, 1956) 


It is generally recognized that the pathways of fatty acid breakdown 
and of glucose catabolism (Embden-Meyerhof scheme) are confluent at 
the level of the 2-carbon fragment (acetyl-S-CoA). Nevertheless, several 
observations suggest an interplay between the metabolism of carbohydrate 
and that of fatty acids at a higher level: (a) Rats forcibly fed carbohydrate, 
as opposed to those fasted, exhibit a depressed capacity for oxidation of 
injected fatty acids. In the case of palmitic acid, this depressed oxidation 
was shown to represent principally a restriction in breakdown of the fatty 
acid molecule rather than a diversion of the 2-carbon breakdown product 
from an oxidative to a synthetic pathway (1). (b) Parenterally adminis- 
tered insulin, which promotes carbohydrate utilization, restricts the catab- 
olism of palmitic acid by intact diabetic rats and by the isolated livers of 
the animals (2). (c) Glucose supplementation 77 vitro increases the direct 
esterification of octanoic and hexanoic acids by the rat mammary gland (3). 

Recently Allen et al. (4) failed to obtain a sparing of fatty acid oxidation 
when slices of liver, kidney, heart, and brain were incubated with C"-la- 
beled palmitic acid in the presence of added glucose. They concluded that 
dietary carbohydrate does not lower fatty acid oxidation. Since we have 
drawn the opposite conclusion from experiments with intact animals, we 
have compared here the action of glucose fed to the rat before excision of its 
liver with the action of carbohydrate added directly to the incubation medium 
upon the oxidation of palmitic acid by liver slices. 


EXPERIMENTAL 


Labeled Tripalmitin—Palmitic acid-1-C'™ was synthesized as described 
elsewhere (5). It was esterified by Dr. S. Abraham by the following modi- 
fication of the procedure of Feuge et al. (6): An excess of the labeled pal- 
mitic acid was heated with glycerol and the mixed alkane sulfonic acid 
catalyst (23 mg. per gm. of palmitic acid) at 120-130° for 3 hours at 20 to 
30 mm. pressure. The unreacted palmitic acid was removed from the re- 


* This work was supported by a contract from the United States Atomic Energy 
Commission and by a grant from Eli Lilly and Company. 
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action mixture by dissolving the mixture in ethyl ether and passing it over 
a basic Amberlite IRA-400 ion exchange column. The glyceride was 
precipitated with ethanol from a small volume of the ether effluent. 

Preparation of Emulsion Containing Labeled Tripalmitin—The composi- 
tion and preparation of this emulsion are given elsewhere (7). 


TABLE I 
Ozidation of Tripalmitin-1-C™ by Normal Fed and Fasted Rat Liver Slices 
Each animal was injected with 1 ml. of an emulsion containing the triglyceride 
of palmitic acid-1-C™. 1 gm. of liver slices was incubated in 15 ml. of Krebs-phos- 
phate buffer (13), pH 7.4, for 3 hours at 37°; gas phase Oz. 


Rat Per cent of incubated C% 
Bod Liver |C% ¢-p-m.| Addition to recovered as 
weight | weight incubated incubation 
x 10° medium Carboxyl carbon of 
No. State COs acetoacetate 
gm. gm. 
1 Fed | 220 8.6 | 1.14 None 0.6 + 0.1 | 0.08 + 0.01 
Glucose* | 0.3 + 0.1 | 0.06 + 0.00 
2 Fasted 218 6.3 1.24 None 3.2 + 0.1 | 2.5 
Glucose* | 3.2 + 1.32 0.1 
3 Fed 226 7.8 1.02 None 1.0 + 0.1 | 0.2 + 0.0 
Glucose* | 0.9 + 0.1 | 0.2 + 0.0 
4 Fasted 210 6.4 1.11 None 3.0 + 0.2 | 2.3 + 0.2 
Glucose* | 3.14 0.1 | 1.7 + 0.2 
5 Fed 230 8.1 1.14 None 0.9+0.0;0.2+ 0.1 
Glucose* | 0.9 + 0.1 | 0.2 
6 Fasted 203 6.6 1.20 None 3.9 2.3 
Glucose* | 4.1 2.1 


* 400 mg. per 100 ml. 


Feeding of Animals—Long-Evans, female rats weighing 210 to 230 gm. 
were used. 3 days before the start of the experiment all rats received in- 
creasing amounts of a fluid diet (1) by stomach tube at 12 hour intervals. 
Food was withheld from the rats designated ‘‘fasted” for exactly 24 hours 
before the start of the experiment. Those designated “fed” received, at 
the last feeding (20 minutes before injection of the labeled tripalmitin 
emulsion), 5 gm. of glucose in 12 ml. of solution. 

Incubation and Analytical Procedures—The emulsions containing the 
tripalmitin-1-C™ were injected intravenously, and 5 minutes later the rats 
were sacrificed. The incubation procedure, CO, determinations, and as- 
say of the carboxyl carbon of acetoacetate have been described (8). In 
the experiment presented in Table III and Fig. 1, the more specific aniline 
citrate method (9) for analysis of the carboxyl carbon of acetoacetate was 
used. The incubated activity was determined from the counts per min- 
ute per unit weight of separate portions of the pooled slices (10). 
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TABLE II 
Oxidation of Tripalmitin-1-C™ by Normal Fasted Rat Liver Slices 
Each of three rats was injected intravenously with 1 ml. of an emulsion contain- 
ing the triglyceride of palmitic acid-1-C™. Slices from the three rat livers were 
pooled, and 1 gm. of slices was incubated in 10 ml. of Krebs-phosphate buffer (13), 
pH 7.4, for 3 hours at 37°; gas phase O:. 1 gm. of liver slices contained 1.21 X 105 


c.p.m. 


Per cent of incubated C™ recovered as 
Concentration of added glucose 
CO: Carboxyl carbon of acetoacetate 
soe mg. per 100 ml. 

1000 4.0 2.1 

1000 3.5 1.5 

800 3.2 1.4 

800 3.7 1.7 

600 3.6 1.5 

600 3.1 1.4 

400 3.8 1.8 

400 3.1 1.5 

200 3.4 1.6 

200 4.1 2.0 

0 3.2 1.8 

0 3.6 2.1 

TaBLeE III 


Oxidation of Tripalmitin-1-C' by Rat Liver Slices 
Each animal was injected with 1 ml. of an emulsion containing the triglyceride 
of palmitic acid-1-C'*. Liver slices were incubated in Krebs-phosphate buffer (13), 
pH 7.4, for 3 hours at 37°; gas phase O2. 750 mg. of tissue from Rats 7 and 8 were 
incubated in 15 ml. of buffer. 500 mg. of tissue from Rat 9 were incubated in 5 ml. 
of buffer. Rats 7 and 9 were fed, as described in the text, for the last time 13 hours 
before sacrifice. Rat 8 was fed for the last time 24 hours before sacrifice. 


recover 
pat No | Body weight | Liver weight | | “theubation 
CO: Carboxyl carbon 
of acetoacetate 
gm. gm. 
7 220 7.1 0.85 X 105 | None 2.8 + 0.1) 1.2 
Glucose* 3.2 + 0.3/1.2 
Fructose* | 1.3 + 0.3 | 0.6 
8 190 5.0 0.95 X 105 | None 2.5 +4 0.4/1.3 
Glucose 2.9 1.6 
Fructose 1.1 + 0.2 | 0.7 
195 6.5 0.41 X 10? | None 0.1 
Glucose 2.54 0.1/;1.2 + 0.0 
Fructose 14+ 0.2/|0.8 + 0.2 


* 400 mg. per 100 ml. 
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RESULTS AND DISCUSSION 


The results (‘Tables I and I1) clearly indicate that a smaller percentage 
of tripalmitin-1-C™ was converted by liver slices to C™%O, and to the 
C¥OOH of acetoacetate when glucose was administered before removal of 
the liver. But the presence of glucose in the medium did not appreciably 
change the percentage conversion of isotope to CO, and acetoacetate, and 
our findings in this respect confirm those reported by Allen e¢ al. (4), 


O, 


100+ 


FRUCTOSE ADDED 


CAOOH of ACETOACE TATE 


FRUCTOSE ADDED 


$88 8 


cpm of 
ACETOACETATE 


100 200 300 400 
MG. PER lOO ML. GLUCOSE orFRUCTOSE 
Fig. 1. Oxidation of tripalmitin-1-C™ by rat liver slices. Two rats fasted for 12 
hours were injected intravenously with 1 ml. each of an emulsion containing the tri- 
glyceride of palmitic acid-1-C'*. The slices from the two rats were pooled, and 0.5 
mg. of slices was incubated in 5 ml. of Krebs-phosphate buffer (13), pH 7.4, for 3 
hours at 37°; gas phase O2. 0.5 gm. of liver slices contained 0.39 K 105'c.p.m. Dif- 
ferent concentrations of glucose or fructose were added to the medium as indicated. 


Thus, the addition of glucose to the incubation medium does not substitute 
for glucose administered orally so far as the sparing of fatty acid oxidation 
is concerned. One explanation for the failure of the direct addition of glu- 
cose to spare palmitic acid oxidation may be that the addition of glucose to 
the medium did not increase the total amount of carbohydrate utilized by 
the liver slices. 

In the experiment described above, the oral administration of glucose 
led to a 60 to 90 per cent depression in the conversion of palmitic acid-1-C" 
to CO, and to a depression of 90 to 95 per cent in the conversion to the 
C“OOH of acetoacetate (Table I). Geyer et al. (11) compared liver slices 
prepared from rats fed ad libitum and fasted rats with respect to their 
capacity to oxidize palmitic acid-1-C™%. Less and C"*-acetoacetate 
was recovered in the experiments with fed than in those with fasted rats, . 
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but the differences they observed in the recoveries of the C' end products 
between the two groups were considerably less than the depression pro- 
duced here in CO, and C'-acetoacetate recoveries by glucose feeding. 
The greater depressions observed in the present experiments are presumed 
to reflect the higher level of carbohydrate that was provided our animals. 

Since fructose is more readily oxidized to COz by liver slices than is 
glucose (12), it was thought that fructose, in contrast to glucose, might 
have an in vitro effect upon fatty acid oxidation by the liver. That the 
addition of fructose to the incubation medium does spare fatty acid oxida- 
tion is brought out by the results shown in Table III and Fig. 1, but the 
reduction was considerably less than that found when glucose was prefed: 
to rats. 


SUMMARY 


1. Emulsions containing the triglyceride of palmitic acid-1-C™ were in- 
jected into fasted rats and rats previously fed carbohydrate by stomach 
tube. Liver slices prepared from these rats were incubated in the absence 
and in the presence of glucose in the incubation medium. The added glu- 
cose did not spare the oxidation of the palmitic acid. The oral administra- 
tion of glucose did result in a pronounced reduction in the conversion of 
labeled palmitic acid to both CO: and acetoacetate by liver slices. 

2. The direct addition of fructose to the incubation medium reduced the 
conversion of the labeled palmitic acid to CO:2 and acetoacetate by rat liver 
slices. 

3. These findings support the view that carbohydrate utilization regu- 
lates the catabolism of long chain fatty acids. 
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PURINE FERMENTATION BY CLOSTRIDIUM 
CYLINDROSPOKUM 


V. FORMIMINOGLYCINE* 


By JESSE RABINOWITZ PRICER, Jr, 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, United States Public Health Service, Bethesda, Maryland) 


(Received for publication, February 2, 1956) 


The degradation of xanthine by cell-free preparations of Clostridium 
cylindrosporum has been described in previous papers of this series (1, 2). 
In the presence of sequestering agents (Scheme A) xanthine (I) is quan- 


HO HO 
ZN =. UN 
HN Cc HN C \ Mn** Cc \ 
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N 
CN 
H3N~ “NH 
of ‘ou NH 2 
FORMIMINOGLYCINE 4-AMINOIMIDAZOLE 
(w) 


ScHEME A 


titatively converted to 4-ureido-5-imidazolecarboxylic acid (II). It has 
been shown that manganous or ferrous ions are required for the further 
degradation of this product (2). Above pH 8.5, 4-amino-5-imidazolecar- 
boxylic acid (III) is formed from xanthine (1) or 4-ureido-5-imidazolecar- 
boxylic acid (2). The decarboxylation of 4-amino-5-imidazolecarboxylic 
acid to 4-aminoimidazole (IV) can be demonstrated by incubating the sub- 
strate with the crude extract in the presence of ethylenediaminetetraacetic 
acid (1). The present communication describes the enzymatic conversion 
of 4-aminoimidazole to ammonia and formiminoglycine! by these extracts. 

* Presented in part at the Forty-sixth meeting of the American Society of Bi- 
ological Chemists, San Francisco, California, April 11-15, 1955. 

1Formiminoglycine may alternatively be named formamidinoacetic acid. In 
further references to the compound, the abbreviation FIG is used. 
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The enzyme responsible for the disappearance of 4-aminoimidazole hag 
been purified and found to require a divalent cation and a reducing agent 
for activity. Evidence has been obtained that the products formed by the 
purified preparation are ammonia and a compound other than FLG, as yet 
unidentified (X in Scheme A). 


EXPERIMENTAL 
Methods and Materials C. cylindrosporum strain HC) was grown as previ- 
ously deseribed (3). Clostridium acidi-urict was cultured inthe same man. 
ner, 


TaBLeE I 


Conversion of Formiminoglycine to Ammonia, Formic Acid, and 
Glycine in Various Analytical Procedures 


Per cent 
Product determined Analytical procedure conversion of 
moiety in FIG 


Ammonia........... Steam distillation at pH 9.0 (6) | 58 
Phenol-hypochlorite*: f | 0.0 

Glycine............ Formaldehyde formation at pH 5.0 (6, 8) | 61 

Formic acid......... Distillation and titration (6) | 89 
Lead tetraacetate oxidation* (9) | 0.0 


The numbers in parentheses are bibliographic references. 

* The analytical procedure used in other experiments of this investigation. 

t The procedure used is an unpublished modification, devised by J. A. Muntz 
and J. Hurwitz, of a procedure described by Russell (7). 


4-Aminoimidazole was prepared and determined as previously de 
scribed (1). Solutions were freed of ammonia by passage over a column of 
XE 64 K+. Solutions originally 0.5 to 0.6 m with respect to 4-aminoimi- 
dazole were about 0.15 m after such treatment. Formiminoglycine was 
synthesized from formamidine hydrochloride (4) and glycine as described 
by Micheel and Flitsch (5): C3H¢O2N2, calculated, C 35.30, H 5.92, N 27.45 
per cent; found, C 35.38, H 6.02, N 27.47 per cent. Water solutions of the 
compound showed an absorption maximum at 190 my with a molar extinc- 
tion coefficient of 17,000, as determined with the Cary spectrophotometer, 
model No. 14. 

Previously used analytical methods (6) for the determination of am- 
monia, glycine, and formic acid were unsuitable for the present study be- 
cause FIG is particularly labile to alkali? and yields varying amounts of 
these substances. Other methods were substituted which were not affected 


2 At room temperature, 50 per cent of the FIG disappears in 6 minutes in 0.1 
KOH. See Table X for further examples of the stability of FIG in acid and alkali. 
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by the presence of FIG (‘Table 1), Glycine was determined by a modifica- 
tion of the method of Alexander et al. (8), in which the reaction of glycine 
with ninhydrin to yield formaldehyde, originally carried out at pH 5, was 
carried out ina final concentration of 10 per cent potassium phosphate buf- 
fer at 1.5. Under these conditions, glyeinamide and 4-aminoimidazole 
did not form any detectable formaldehyde, while a mole of formylglycine 
formed formaldehyde equivalent to 0.21 mole of glycine. The yield of 
formaldehyde at pH. 1.5 was 0.77 mole per mole of glycine. 

Xanthine was determined from its absorption at 260 my in 1 per cent 
perchloric acid with the use of the Beckman model DU spectrophotometer. 
The value used for the extinction coefficient under these conditions was 
8480. Acetic acid was determined by using a preparation of acetokinase 
which had been purified through one ammonium sulfate step and had a 
specific activity of 60 units per mg. (10). 4-Hydroxy-1,2,3-triazole was a 
gift of Dr. R. E. F. Matthews. The compound was determined spectro- 
photometrically from its absorption maximum at 235 mu, at which the 
molar extinction coefficient in 1 per cent perchloric acid is 4000. 3-Amino- 
1,2,4-triazole was generously supplied by Dr. J. P. English of the American 
Cyanamid Company, Stamford, Connecticut. ‘The compound was deter- 
mined by the Bratton-Marshall test under conditions previously de- 
scribed (1). The colored reaction product had an absorption maximum at 
460 mu with a molar extinction coefficient of approximately 550. The 
molar extinction coefficient at 510 mu was 410 compared to a value of 4500 
for 4-aminoimidazole (1). A sample of 2-methy]-4-imidazolone was a gift 
of Miss B. Stearns of The Squibb Institute for Medical Research, New 
Brunswick, New Jersey. Protein was determined by the biuret method of 
Weichselbaum (11) as modified by Beisenherz et al. (12). Paper chromat- 
ograms were run on Whatman No. 3 MM paper by the ascending tech- 
nique until the solvent had traveled about 30 cm. 

The enzymatic activity which degrades 4-aminoimidazole was measured 
ina system containing the following components in 1 ml.: 5 to 10 umoles of 
4-aminoimidazole, 200 umoles of triethanolamine-HCl buffer at pH 7.0, 
20 umoles of potassium phosphate at pH 7.0 (added in the preparation of 
the substrate), 2 umoles of ferrous sulfate, 25 umoles of cysteine, 0 to 3 
units of enzyme and water. After the final addition of the substrate, the 
tubes were briefly flushed with helium, stoppered, and incubated at 37° for 
10 minutes. The reaction was stopped by the addition of 1 ml. of 2 per 
cent perchloric acid, and residual 4-aminoimidazole was determined as pre- 
viously described (1). A unit of activity gives an optical density change of 
0.100 under these conditions and is equivalent to the disappearance of 0.44 
umole of 4-aminoimidazole. The disappearance of 4-aminoimidazole was 
proportional to the concentration of extract under these conditions (Fig. 1). 
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Various buffer solutions (Table II) containing ferrous ions and cysteine, 
which were found to stabilize the enzyme during the purification procedure, 
were used to dissolve the precipitates to be described. 


.300 |- 
200 
100} 
a. 
O 0.02 0.04 0.06 
ML. EXTRACT 
Fig. 1. 4-Aminoimidazole disappearance in extracts of C. cylindrosporum. The > ~ 
conditions of the experiment are described under ‘‘Methods.”’ A 
TaBLeE II 


Buffer Miztures Used in Purification 
The values are given in ml. 


Mixture’ A | Mixture B | Mixture C | Mixture D 
1 m triethanolamine-HCl, pH 8........ 17.5 5 
1 ‘‘ diethanolamine-HCl, pH 9......... 1.0 
1 potassium citrate.................. 10 U 
Cysteine, 0.10 m....................... 17.5 2.0 5.0 10 


Colorimetric Determination of FIG—FIG has been determined with 4 
modification of the alkaline ferricyanide-nitroprusside test first described f 
for the detection of guanidine and its methyl derivatives (13-15). The ™ th 
modified procedure makes use of a more concentrated reagent than previ- | m 
ously recommended and carries out the reaction in borate buffer. 

Ferricyanide-Nitroprusside Reagent—4.0 gm. of sodium hydroxide, 4.0 gm. 
of sodium nitroprusside, and 4.0 gm. of potassium ferricyanide are dis- 
solved in water and diluted to 120 ml. The solution is filtered before use 
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OPTICAL DENSITY 


0.0 OA O.8 


FORMIMINOGLYCINE 


Mra, 2, Standard curve with formiminoglycine 


Tasie III 
Chromogenic Equivalents of Various Substances 
Optical Optical 
Compounds density of Compounds density of 
1 pmole* 1 pmole* 

Amidines Sulfur compounds 
Formiminoglycine 1.14 Cysteine 0.03 
Formiminoglutamic acidf 0.56 Sodium sulfide 0.004 
Benzamidine 1.02 | Heterocyclics 
4-Amino -5-imidazolecarbox- 0.43 Histidine 0.18 

amidine} 4-Aminoimidazole 0.22 

Guanidine 0.48 4-Amino -5-imidazolecar- 0.37 
Methylguanidine 0.27 boxamide 
1,1-N-Dimethylguanidine 0.09 Xanthine 0.14 
Arginine 0.39 Hypoxanthine 0.24 
Creatine 0.04 Adenine 0.38 
Creatinine 0.00 | Others 

Ureides Formylglycine|| 0.03 
Urea 0.00 Formamide 0.10 
Citrulline 0.00 
4-Ureido-5-imidazolecarboxyl- | 0.10 

ic acid§ 


* Determined under conditions optimal for color formation with FIG. Several 
of the compounds showed absorption maxima at somewhat lower wave-lengths than 
the maximum at 285 mz observed with FIG, or formed products which reached their 
maximal intensity before 30 minutes. 

t Asample provided by Dr. H. Tabor and Dr. A. H. Mehler from material isolated 
from a biological source (16). 

t Prepared by Dr. B. N. Ames by a method previously described (17). 

§ Isolated as previously described (2). 

|| A gift from Dr. A. H. Mehler. 
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and stored in the refrigerator. The reagent can be kept under these cop. 
ditions for at least a month. 

Procedure—To a sample containing 0 to 1.0 umole of FIG and water to 
make the volume to 0.5 ml. were added 2.0 ml. of saturated sodium tetm. 
borate (0.16 m) followed immediately by 0.5 ml. of the ferricyanide-nitro. 
prusside reagent. After 30 minutes the optical density was determine 
at 485 my by using 1 cm. cells in the Beckman DU spectrophotometer, 
with a reagent blank of the proper dilution in the reference cell. 

The optical density is proportional to the concentration of FIG (Fig, 2), 
The color given by 1 pmole of various substances is given in TablelII. The 
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OOO- 
-0O O ! 2 
#MOLES SALT/TEST 
Fic. 3. The effect of salts on color formation. Tubes containing 0.5 umole of 
FIG and the amount of salt indicated were tested under the standard conditions, 


@, ammonium chloride; O, triethanolamine-hydrochloric acid buffer, pH 7.0; A, 
sodium chloride; A, potassium phosphate buffer, pH 7.0. 


most serious interference was caused by the purine and imidazole deriva- 
tives. 

Severe inhibition of color formation by ammonium chloride and trietha- 
nolamine buffer was noted (Fig. 3). Sodium chloride and potassium phos- 
phate buffer did not show this effect. To remove inhibitory concentrations 
of ammonium ions, solutions were adjusted to a final concentration of 1 per 
cent perchloric acid and were passed over a column of XE 64 Kt. There 
covery of added FIG to a representative enzymatic incubation mixture was 
satisfactory. 

The reagent described above was also used to detect FIG on paper chro- 
matograms. After being thoroughly dried in air, the papers were sprayed 
with the ferricyanide-nitroprusside reagent and then with saturated sodium 
borate. Color development is relatively slow and may take 5 to 10 min- 
utes. A very faint reaction can be detected with 0.05 umole of FIG, butit 
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requires 0.5 umole to give a strong reaction. The colors formed are gener- 
ally not stable for more than a day. 


Results 
Formiminoglycine 


Formation—Incubation of extracts of C. cylindrosporum with xanthine 
or 4-aminoimidazole results in the formation of an alkali-labile derivative 
of glycine (Table IV). Analysis of the reaction mixtures disclosed the 
formation of a compound which reacted in the modified ferricyanide-nitro- 
prusside test. With FIG as a standard, the amount of reactive substance 
formed was equivalent to the amount of the alkali-labile glycine derivative. 
Tests on FTG demonstrated its extreme instability in 0.1 mM or 1.0 mM KOH 
even at room temperature? 

In order to isolate the product the following materials were incubated 
under anaerobic conditions at 37°: 10.0 mmoles of 4-aminoimidazole, 26.8 
mmoles of potassium phosphate at pH 7.0, 0.34 mmole of ferrous sulfate, 
0.09 mmole of sodium sulfide, 10.0 ml. of extract, and water to make the 
volume to 180 ml. Only 1.6 per cent of the 4-aminoimidazole added could 
be detected after 90 minutes. After 105 minutes, 3 ml. of 60 per cent per- 
chloric acid were added, and the precipitated protein was removed by cen- 
trifugation. The supernatant solution was neutralized with potassium 
hydroxide and centrifuged at 0° to remove the precipitated potassium 
perchlorate. The volume of the solution was now 320 ml. and it contained 
a total of 7.72 mmoles of apparent FIG. The solution was lyophilized. 

Isolation—A solution of the lyophilized powder (7.4 gm.) was adjusted to 
pH 2.5 with hydrochloric acid. Some insoluble material was removed by 
filtration. The clear filtrate (100 ml. containing 6.0 mmoles of apparent 
FIG) was placed on a column of Dowex 50 H+ (9.25 cm. & 32.5 cm.?). The 
column was then washed with 2 liters of water. The material was eluted 
with 1 Mammonium acetate, 0.1 m with respect to acetic acid. 150 ml. frac- 
tions were collected and tested with the ferricyanide-nitroprusside reagent, 


_ after removal of the ammonium ions by passage of an aliquot over a column 


of XE 64 Kt. Fractions 7 and 8, which contained the apparent FIG, were 
lyophilized to remove the ammonium acetate. The solid obtained was 
crystallized from an ethanol-water mixture and was recrystallized twice 
from 50 per cent ethanol with the use of charcoal in the last recrystalliza- 
tion. 

Identification—The identification of the isolated material as formimino- 


_ glycine is based on the following evidence: (1) the elementary analysis of 


the product: Cz3H,O2N2, calculated, C 35.30, H 5.92, N 27.45 per cent; 
found, C 35.52, H 5.62, N 26.70 per cent; (2) mobility on paper chroma- 
tograms developed with three different solvent systems (Table V); (3) 
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TaBLeE IV 


Degradation of Xanthine and 4-Aminoimidazole by 
Extracts of C. cylindrosporum 


Xanthine* 4-Aminoimidazolet 
Compound Ratio, 

0 5 hrs A Eom 0 40 min. A bot! 
strate Strate 
pmoles pmoles pmoles pmoles pmoles pmoles 

per ml. per ml per ml. per ml. per ml. per ml, 

Substrate.......| 4.4 0.0 —4.4 5.1 0.05 —5.0 
Apparent FIG. | 0.0 4.6 4.6 | 1.04] 0.0 4.4 4.4 | 0,88 
Ammonia.......|_ 0.0 9,2 9.2 | 2.1 1.0 6.4 5.4 | 1.08 
Glycine. ....... 0,06 0.64 0.5 0.11 0.0 ().06 

after 

hydrolysis. | 0.06 | 4,70 4.6 11.06} 0.0 | 4.0 4.0 | 


* Stoppered tubes containing xanthine, 500 pmolea of potassium phosphate at 
pH 7.0, 20 pmoles of ferrous sulfate, 5 pmoles of sodium sulfide, and 0.40 ml, of an ox. 
tract of C. eylindrosporum in a volume of 10.0 ml, were incubated at 37°. Aliquots 
were removed at various time intervals and were added to an equal volume of 2 per 
cent perchloric acid. Xanthine disappearance was more than 90 per cent complete 
in 2 hours. 

t Stoppered tubes containing 4-aminoimidazole, 700 wymoles of potassium phos- 
phate at pH 7.0, 10 umoles of ferrous sulfate, 2.5 umoles of sodium sulfide, 0.25 ml. of 
an extract of C. cylindrosporum, and water to make the volume to 5.0 ml. were incu- 
bated at 37°. Aliquots were removed at 15 minute intervals and deproteinized by 
the addition of an equal volume of 2 per cent perchloric acid. 4-Aminoimidazole 
disappearance was essentially complete in 30 minutes. 

t The sample in 1 per cent perchloric acid was treated with an equal volume of | 
n NaOH and heated in a boiling water bath for 5 minutes. 


TABLE V 
Chromatography of Synthetic Formiminoglycine and Enzymatic Product 
| Synthetic 
Solvent tion FIG + 
mixture product 
Rr Rr Rr Rr 
Methanol-chloroform-90 per cent formic 
Acetone-1 m acetic acid (3:1).............. 0.18 0.16 0.16 0.18 
2-Butanone-1 Mm acetic acid (top layer of 1:1 
0.036 0.021 0.020 0.040 


* 4-Aminoimidazole was incubated with the crude extract in the standard test 
system. After 60 minutes, aliquots were spotted on paper without deproteinization. 
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the color equivalent in the ferricyanide-nitroprusside test. ‘The enzymatic 

product gave an optical density of 1.040 per 51 y, while a value of 1.044 was 
pont with 51 y of synthetic FIG. This value is greater with FIG than 
with any other product tested (Table III); (4) the infra-red spectra of the 
compound (Fig. 4). 
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These were determined on a suspension of the com- 
The peaks at 


Fic. 4. Infra-red spectra. 
pound in Nujol with a Perkin-Elmer recording spectrophotometer. 
3.49, 3.56, 6.8, and 7.0 uw represent the absorption of Nujol. 


Utilization—Although it has not been possible to support growth of C. 
cylindrosporum or C. acidi-uricit on FIG, it was found that washed cell sus- 
pensions of both organisms degrade FIG (Table VI). Acetate is the main 
carbon-containing product formed by C. acidi-urici, while glycine is the 
main product formed by C. cylindrosporum. 


4-Aminoimidazole Hydrolase 


Purification of Enzyme—The enzymatic activity present in extracts of 
lyophilized cells of C. cylindrosporum responsible for the degradation of 
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4-aminoimidazole was purified by the following procedure carried out at 
0° unless otherwise stated.. 

Extract—910 mg. of lyophilized cells of C. cylindrosporum (1) were sus- 
pended in 84 ml. of a previously boiled and cooled solution of 0.01 m potas. 
sium phosphate at pH 7.0 and 0.0014 m with respect to cysteine. The mix- 


TaBLeE VI 
Formiminoglycine Degradation 
The values are given in micromoles per ml. 


Organism 
C. cylindros porum C. acidi-urici 
Substrate Product 
Time in min. 
0 15 30 420 0 30 240 
Xanthine 5.35 | 0.0 | 0.0 
RIG 0.0 0.0 | 0.0 
Gilycine | 0.55 | 3.1) 4.3 
4-Aminoimidazole 2.64 10.0] 0.0 #6 | O18 
0.0 0.0) 0.0 0.0 
Cilycine | 1.0] 1.8 0.2 | 0,2 0.2 
Acetate | 4.8 4.9 
FIG. | 6.6) 4.5 O.O8 | 10.6 9.1 4.6 
Glycine | O.64 3.1) 2.7 6.4 13 | 1.0 0.4 
Acetate 0.28 0.9 5.0 
NH, 0.0 1.1 15.9 


Stoppered tubes flushed with helium containing substrate, 1.0 ml. of a washed 
suspension of the organism equivalent to about 100 mg. of wet cells, 500 umoles of 
potassium phosphate at pH 7.0, 5 umoles of sodium sulfide, 40 zmoles of ferrous sul- 
fate, and water to make the volume to 10.0 ml. were incubated at 37°. At the times 
indicated, a 2 ml. aliquot was added to 2.0 ml. of 2 per cent perchloric acid and cen- 
trifuged. The supernatant solutions were analyzed. 


ture was incubated at 37° for 1 hour in an evacuated vessel and was then 
centrifuged for 15 minutes at 0° at 20,000 xX g. 

Ammonium Sulfate I—To 17.5 ml. of Mixture A (Table II), 8.5 gm. of 
ammonium sulfate and 17.5 ml. of the extract were added. After 10 min- 
utes the precipitate was removed by centrifugation with the Servall super- 
speed angle centrifuge at 14,000 r.p.m. and dissolved in 4.0 ml. of Mixture B, 
followed by 12 ml. of Mixture C. 

Calcium Phosphate I—To 7.5 ml. of aged calcium phosphate gel (14 mg. 
per ml.), 3.5 ml. of 0.1 mM cysteine were added, and helium was bubbled 
through the mixture for 10 minutes. Then 28 ml. of ammonium sulfate I 
fraction were added. The supernatant solution was removed by centrifu- 
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gation, and the activity was eluted from the gel by treatment with 14 ml. 
of Mixture D. 

Ammonium Sulfate [I—The calcium phosphate I eluate (14 ml.) was 
poured into a tube containing 5.75 gm. of ammonium sulfate, and 12 ml. of 
Mixture A. After 10 minutes, the precipitate was removed by centrifuga- 
tion in a Servall centrifuge for 10 minutes. The precipitate was dissolved 
in 4.0 ml. of Mixture A and then diluted with 12 ml. of Mixture D. 

Calcium Phosphate II—To a volume of calcium phosphate gel equivalent 
to 0.7 volume of the ammonium sulfate II fraction, 5.0 ml. of 0.1 m cysteine 
were added. Helium was bubbled through the suspension for 10 minutes. 
After centrifuging, the gel was resuspended in 5.0 ml. of 0.1 M cysteine. The 
ammonium sulfate II fraction was added. After centrifuging, 0.3 ml. of 


TaBLeE VII 
Purification of 4-Aminoimidazole Hydrolase 

Fraction Total units ad Yield 

mil, units per meg, per cent 

bixtract 70 S600 11 100 
Ammonium sulfate (4 100 40 his 
Calcium phosphate gel I 2s 1200 
Calcium phosphate gel TL. 48 760 140 21 


0.1 m ferrous sulfate was added to the supernatant fluid, and the pH was 
adjusted to 7.0. 

Properties—A summary of the purification is given in Table VII. Al- 
though the purification obtained was not great, other enzymatic activities 
originally present in the extract were markedly decreased in the purified 
preparation (Table VITI). 

The optimal activity of the purified enzyme was observed at pH 7.0 in 
triethanolamine hydrochloride (Fig. 5). 

The degradation of 4-aminoimidazole requires the presence of a divalent 
cation. The inhibitory effect of ethylenediaminetetraacetic acid on the 
activity of the extract has already been reported (1). The crude extract 
was completely inactive after dialysis overnight against 0.01 m potassium 
phosphate buffer at pH 7.0, 0.001 m with respect to cysteine, but the activ- 
ity could be restored to 147 per cent of that obtained before dialysis by the 
addition of 1 wmole per ml. of Fe+*. The addition of Co++, Mn+, and 
Ni** at this level restored the activity to 83, 60, and 23 per cent, respec- 
tively, of the original activity. Cut*, Al*+**, and Zn*+* were ineffective. 
The activity of the purified enzyme was reduced to 31 per cent of its original 
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TaBLeE VIII 
Enzymatic Activities of Extract and Purified 4-Aminoimidazole Hydrolase 


Relative activity* 
Reaction 
Extract (Purified hydrolase 
(1) Xanthine — 4-ureido-5-imidazolecarboxylic acidf.... 1.3 0.05 
(2) 4-Ureido-5-imidazolecarboxylic acid — 4-amino-5- 
imidazolecarboxylic acidf......................... 1.4 0.007 
(3) 4-Amino-5-imidazolecarboxylic acid — 4-aminoimi- 
(4) 4-Aminoimidazole — FIG................... 1.0 1.0 


* The relative activity is the ratio of the activity catalyzing the reaction shown 
to the activity catalyzing the disappearance of 4-aminoimidazole. 

t Enzyme assayed by measuring appearance of 4-ureido-5-imidazolecarboxylic 
acid at pH 8.0 in the presence of ethylenediaminetetraacetic acid (2). 

t Enzyme assayed by measuring the appearance of 4-amino-5-imidazolecarbox- 
ylic acid at pH 9.0 in the presence of ferrous and manganous ions (1). 

§ Enzyme assayed as previously described (1). 
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Fic. 5. The effect of pH on the rate of 4-aminoimidazole degradation. ‘The con- 
ditions of the experiment were those used in the standard assay, except that the 
buffers were replaced by acetate at pH 5 to 6, triethanolamine-HCl at pH 7 to 8, 
and diethanolamine at pH 9. The purified enzyme (140 units per mg.) was used. 
The pH of the incubation mixture was determined with the Beckman model G pH 
meter at the end of the reaction. 

Fic. 6. Rate of reaction as a function of the 4-aminoimidazole concentration. 
The conditions of the experiment are those described under ‘‘Methods,’’ except that 
the concentration of 4-aminoimidazole was varied. The substrate concentration, §, 
is expressed as micromoles per ml. 4.0 units of the purified enzyme (140 units per 
mg.) were used per ml. of incubation mixture. 
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activity when it was dialyzed against the buffer-cysteine mixture. The 
addition of 2 umoles per ml. of Fet* reactivated the preparation to 67 per 
cent of its original activity. The further addition of a boiled extract did 
not increase the activity. The activity of the purified enzyme, prepared in 
the presence of ferrous ions, was unaffected by the further addition of 2 
umoles per ml. of Fet+ or Nit**; however, the addition of 2 umoles per ml. 
of Mgt*, Mnt*, Co*, or Zn** reduced the activity by 50 per cent or more. 

The enzymatic activity of both the crude and purified preparations was 
unstable in the absence of reducing agents. The purified enzyme was 


TABLE IX 
4-Aminoimidazole Degradation by 4-Aminoimidazole Hydrolase 
Enzyme fraction | '4-Aminoimidazole| FIG 
min. | moles per ml. | wmoles per mt.| per 

l Calcium phosphate IT 10 —1.7 1.5 1.6 
II 20 —2.9 2.4 2.0 
II 30 —3.7 4.1 3.3 
“ " Il 60 —4.7 5.0 2.5 
2 extract 60 4.7 
Ammonium sulfate I 60 ~6.5 3.6 
Calcium phosphate | 60 3.4 

Ammonium sulfate If 


Calcium phosphate 60 | 


Htoppered tubes flushed with helium containing in 100 pmolea of potassium 
phosphate at pH 7.0, 20 pmolea of cyateine, 2 of ferrous sulfate, 4.0 unita of 
calcium phoaphate IT fraction or varying amounta of the other enzyme fractions, 
5.0 pmoles of 4-aminoimidazole in Experiment 1, and 5.7 »molea in Experiment 2 
were incubated at 37°. Perchlorie acid to give a final concentration of 1 per cent 
was added to an aliquot of the reaction mixture at the times shown. The initial 
ammonia concentration in Experiment 1 was 6.8 »moles per ml. 


completely inactive when cysteine was omitted from the assay mixture. 
The addition of 2.5 to 10 umoles per ml. of cysteine partially activated the 
preparation, and full activity was obtained with 15 to 50 umoles per ml. 
Cysteine, sodium hydrosulfite, glutathione, sodium thioglycolate, and 
ascorbic acid were equally effective in stabilizing the enzymatic activity of 
cell extracts. 

The velocity of the enzymatic reaction as a function of substrate concen- 
tration was determined. The K,, calculated from these data according to 
the method of Lineweaver and Burk (18) was found to be 1.8 X 10-3 m 
(Fig. 6). 

Products—The products formed from 4-aminoimidazole by the purified 
enzyme were examined (Table IX). 1 mole of ammonia was formed per 
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mole of 4-aminoimidazole decomposed, but, in contrast to the results ob- 
tained with the cell extract (Table IV), much less than 1 mole of FIG was 
formed by the purified preparation. Studies with the different fractions 
obtained in the purification of the enzyme showed a decrease in the amount 
of FIG formed per mole of 4-aminoimidazole decomposed by the more puri- 
fied fractions (Table IX). These results suggest that the purified enzyme 
is degrading 4-aminoimidazole to 1 mole of ammonia and an unidentified 
product which can be metabolized by crude extracts to form FIG. 


TABLE X 
Glycine Formation by Acid and Alkaline Hydrolysis 


Glycine formation from 
Treatment 
pmoles per ml. | wmoles per ml. | wmoles per al, 
None 0.23 0.46 0.37 
0.1 n HCl, 100°, 30 min. 0.92 1.2 0.51 
1.0 ** ** 100°, 30 min. 2.9 3.0 0.44 
0.1 ‘‘ KOH, 100°, 30 ‘“ 4.2 2.4 5.1 
* 4.3 3.3 4.9 


* A stoppered tube flushed with helium and containing 6.1 wzmoles of 4-aminoini- 
dazole, 100 pmoles of potassium phosphate at pH 7.0, 2 umoles of ferrous sulfate, 10 
pmoles of cysteine, and 5 units of calcium phosphate II fraction were incubated at 
37° for 230 minutes. Samples were deproteinized with 1 per cent perchloric acid, 
Analyses of the filtrate showed that 5.8 pmoles per ml, of 4-aminoimidazole had been 
utilized, while 6.9 pmoles per ml, of ammonia, 1.4 ~moles per ml. of FIG, and the 
amount of glycine indicated had been formed, ‘The sample was neutralized and 
treated under the conditions indicated above, The amount of glycine formed has 
heen corrected for the dilution involved in these manipulationa, 

A sample containing 6.0 pmoles per inl, waa subjected to hydralyaia, 


Attempts to demonstrate the existence of such a compound by spectral 
analysia or by the enzymatic conversion of the proposed intermediate to 
FIG by the crude extract were not successful, 

Although the compound formed by the purified enzyme has not been 
characterized, it was found that the product can be hydrolyzed to yield 
glycine (Table X). The lability of the compound in acid or base contrasts 
with the acid stability of FIG (Table X). 2-Methyl-4-imidazolone (VII), 
a homologue of a possible intermediate (see “Discussion”’), is hydrolyzed to 
yield glycine under similar conditions. 

Analogues—No evidence could be obtained for the decomposition of 
2-methyl-4-imidazolone, 3-amino-1 ,2 ,4-triazole (VIII) or 4-hydroxy-1 ,2,3 
triazole (IX) by the purified enzyme. However, 3-amino-1 ,2,4-triazole 
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b- § was an active inhibitor of the enzyme (Fig. 7). Under these conditions 
aS 4-hydroxy-1 ,2,3-triazole and histamine were much less effective inhibitors. 
Ns 
2 N 
O=C——NH O=C——NH 
4-|IMIDAZOLONE 2-METHYL- 4- 
(wz) IMIDAZOLONE 
(wr) 
N-—N N 
\ 
H,N—C——NH HO—C——NH 
3-AMINO- 1, 2,4- 4 -HYDROXY - 
nl. TRIAZOLE 2,3-TRIAZOLE 
(wr) (x) 
on 5, 
O 
10 29° 
een 68 46 86 
the ANALOGUE | 
anid ALMOLES 7 ML 
hia 7. tohibition of aminoimidagole degradation, Btoppered tubes 
With and containing 6% pinoles of d aminoimidazole, 100 pimoles of triethanel 
amine pll 70, of ferrous sulfate, 10 pimoles of cysteine, 75 unite of 
phosphate fraction, and the compounds indicated per til were incubated 
fal Bat t7° Aliquete were removed at O and 10 minutes and were added to perchloric 
to wilto give a final concentration of per cent. Curve A, taming 1,9,4 triazole; 
Curve dhydroxy tringole; Curve histamine. 
nen DISCUSSION 
eld In the three known biological reactions in which the imidazole ring ts 
88 BF split, formimino derivatives of amino acids are formed as products. In the 
1), system described here, 4-aminoimidazole is converted to formiminoglycine. 
10 & Other related reactions are the conversion of urocanie acid to formimino- 
glutamic acid by the urocanase of liver preparations (19) or Pseudomonas 
of extracts (16) and the conversion of imidazoleacetic acid to formiminoas- 
2 partic acid by Pseudomonas extracts.’ 
J 


* Unpublished results by O. Hayaishi and H. Tabor. 
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The over-all reaction in the conversion of 4-aminoimidazole to FIG in. 
volves rupture of two bonds, the C—N bond of the amino group and the 
imidazole 3(1)—4(5) bond. The present work does not provide evidence 
concerning the mechanism of the enzymatic reaction. Primary hydrolysis 
of the amino group and tautomerization would yield 4-imidazolone, a com- 
pound which has not been prepared, although its homologues have been 
described. Studies on these other imidazolones have shown that they are 
highly reactive compounds which form dimers (20) and contain an active 
methylene group which is responsible for the reaction of the compounds 
with various aldehydes (21). Related non-enzymatic reactions of the 
compound formed from 4-aminoimidazole may account for our inability to 
show the further enzymatic degradation by crude extracts of the compound 
formed by the purified enzyme. Initial rupture of the imidazole 3(1)—4(5) 
bond would yield formiminoglycinamide as a product. The synthesis of 
formiminoglycinamide has not been described, and attempts by us to pre- 
pare it by allowing glycinamide to react with formamidine have not been 
successful. 

Glycine has been identified as a product of the acid hydrolysis of 4-amino- 
imidazole (22) and its acetyl derivative (23). The conditions used in the 
hydrolysis, however, were quite vigorous. In view of the relative stability 
of FIG in acid and the extreme lability of 4-aminoimidazole under these 
conditions (1), it seemed possible that the mild acid hydrolysis of 4-amino- 
imidazole might parallel the enzymatic reaction and yield FIG as a product. 
However, when 4-aminoimidazole was completely destroyed by heating at 
100° in 0.1 nN HCI for 30 minutes, no glycine was formed, nor could any FIG 
be detected with the color test. 

It seems probable that FIG functions as an intermediate in xanthine 
fermentation by these Clostridia. Although it has not been possible to 
grow these organisms on FIG, washed cell preparations do metabolize FIG 
to yield typical fermentation products, ‘These results suggest that the 
utilization of FIG by whole cells is limited by cell permeability, 

‘The marked activity of S-amino- 1,2 ,4-triazole in inhibiting the degrada 
lion of d-aminomnidazole is of interest in view of the demonstrated activily 
of the triazole derivative as a herbicide (24), 

Glycine, acetate, and formate have been identified as products of purine 
degradation by growing cultures of C. eylindroaporum (25,6),  Voxtracta ot 
these organisms prepared from lyophilized cella have been described whieh, 
when supplemented with a reducing agent and ferrous or manganous ions, 
convert xanthine to FIG in a series of reactions summarized in the intro 
duction. Glycine, acetate, and formate have not been observed as reaction 
products with the use of this type of preparation. The factors required 
for the further metabolism of FIG in cell extracts remain to be determined. 
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SUMMARY 


When xanthine or 4-aminoimidazole is incubated with an extract of ly- 
ophilized cells of Clostridium cylindrosporum, an equivalent amount of an 
alkali-labile derivative of glycine is formed. This product has been isolated 
and characterized as formiminoglycine. It is metabolized by washed cell 
suspensions of the organism. 

4-Aminoimidazole hydrolase has been purified 13-fold. Its activity is 
dependent on the addition of Fe*+* or other divalent cation and a reducing 
agent. The products formed by the purified enzyme are a mole of ammonia 
and an alkali-labile glycine derivative which can be differentiated from 
formiminoglycine. 

A colorimetric method for the quantitative determination of formimino- 
glycine is described. 


Acknowledgment is made to Dr. W. C. Alford of the National Institutes 
of Health for microanalyses and to Miss C. J. Kaufman of the National 
Institutes of Health for infra-red spectra. 

The authors wish to express their indebtedness to Dr. 8. Korkes for his 
contributions during the early parts of this investigation at the University 
of California in Berkeley. 


BIBLIOGRAPHY 


. Rabinowitz, J. C., J. Biol. Chem., 218, 175 (1956). 

. Rabinowitz, J. C., and Pricer, W. E., Jr., J. Biol. Chem., 218, 189 (1956). 

. Rabinowitz, J. C., and Barker, H. A., J. Biol. Chem., 218, 161 (1956). 

. Brown, D. J., J. Appl. Chem., 2, 202 (1952). 

. Micheel, F., and Flitsch, W., Ann. Chem., 677, 234 (1952). 

. Rabinowitz, J. C., and Barker, H. A., J. Biol. Chem., 218, 147 (1956). 

. Russell, J. A., J. Biol. Chem., 166, 457 (1944). 

. Alexander, B., Landwehr, G., and Seligman, A. M., J. Biol. Chem., 160, 51 (1945). 

. Perlin, A, 8., Anal, Chem., 26, 1053 (1954). 

Rose, 1, A., Grunberg-Manago, M., Korey, 8. and Ochoa, 8., J, Biol, Chem., 
211, 747 (1064). 

 Weichselbaum, Am. J. Clin, Path., Tech, Suppl, 1, 40 (1046), 

Bolte, Wiieher, Th, Ceok, Garhade, Meyer 
Arendt, and Vileiderer, Naturforach,, Wb, 655 (1064), 

Tiegs, O. W., Anatralian J, Bap, Hiol, and Med. 1, (19294), 

Weber, Proe, Soe, Bap. Biol, and Med., 94, 712 (1927), 

Berry, K., Button, Cain, L., and Berry, J. Univ. Teraa Pub., No. 
$109, 28 (1961). 

6. Tabor, H., and Mehler, A. H., J. Biol. Chem., 210, 559 (1964). 

7. Cavalieri, L. F., Tinker, J. F., and Brown, G. B., J. Am. Chem. Soc., 71, 3973 

(1949). 
18. Lineweaver, H., and Burk, D., J. Am. Chem. Soc., 66, 658 (1934). 
19. Borek, B. A., and Waelsch, H., J. Biol. Chem., 206, 459 (1953). 


Sea wwe 


he 
ice 
sis 
en 
Are 
lve 
ds | 
he 
to 
nd 
(5) 
of 
pen 
no- 
the 
lity 
no- 
ct. 
zat 
ine 
> t0 
‘WG 
the 
ila 
vily 
rine 
nol 
ich, 
one, 
tro- 
tion 
ned. 


554 PURINE FERMENTATION. V 


20. Kjaer, A., Acta chem. Scand., 7, 1017 (1953). 

21. Kjaer, A., Acta chem. Scand., 7, 1030 (1953). 

22. Fargher, R. G., J. Chem. Soc., 117, 668 (1920). 

23. Hunter, G., and Nelson, J. A., Canad. J. Res., Sect. B, 19, 296 (1941). 
24. Hauser, E. W., and Thompson, J., J. Agr. and Food Chem., 2, 680 (1954). 
25. Barker, H. A., and Beck, J. V., J. Biol. Chem., 141, 3 (1941). 
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The plasma proteins in higher animals are known to represent a pool of 
protein which is readily metabolized (cf. (1-3)). However, little is known of 
the specific purposes for which plasma protein may be utilized or the mecha- 
nisms involved in these processes (4-7). The special metabolism of the 
individual members of this pool is almost completely obscure (however, 
cf. (6-10)). In vivo, it would appear that the liver is the most active site of 
plasma protein metabolism (5, 7) and that the globulins are metabolized 
more rapidly than albumin (6-8, 10). In the present studies, attention has 
been directed to the utilization of these substances by rat hepatic tissue in 
vitro by employing protein fractions of purified rat plasma labeled in vivo 
with C4. Under such circumstances, the selective and unique metabolism 
of the various proteins of plasma could readily be demonstrated. Evidence 
was also obtained which suggested that the plasma proteins may penetrate 
the hepatic cell surface without prior extensive hydrolysis (also cf. 
(7, 11, 12)). 


Methods 


The animals employed were adult, male Sprague-Dawley rats, weighing 
approximately 250 gm., which were maintained ad libitum on Purina lab- 
oratory chow. 

Preparation of C'*-Labeled Plasma Proteins—Phenylalanine-3-C" (specific 
activity = 0.78 mc. per mm., Tracerlab, Inc.) was injected into the saphe- 
nous vein of rats lightly anesthetized with ether. ‘The dose employed was 
10 ue. of the isotopic material in 0.1 ml. of saline per 100 gm. of body weight. 
24 hours later, the animals were exsanguinated from the dorsal aorta under 
Nembutal anesthesia with a syringe containing | ml. of 4 per cent sodium 
citrate per 10 ml. of blood collected. The citrated plasma was immediately 
subjected to a modification of the cold ethanol procedure described by Ul- 
rich, Li, and ‘Tarver (13) for the fractionation of rat plasma proteins, ‘The 
modified procedure has been described in detail, since it produced uniformly 
good resulia when applied to plasma of Sprague-Dawley rata, Experience 


* This investigation was supported by a research grant (No, C1408) from the 
National Cancer Inatitute, National Inatitutes of Health, Public Health Service, 
Netheada, Maryland. 
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in our laboratory has indicated that less favorable separations may be ex- 
pected when this method is employed with plasma from rats of different 
strains in which the proportions (and presumably the properties) of the 
plasma proteins vary. 

The plasma (5 to 20 ml.) was prepared by centrifugation of freshly drawn 
blood for 30 minutes at 0° and 3000 r.p.m. It is important to begin with 
non-hemolyzed blood in order to obtain finally a clean, undenatured albu- 
min fraction. The fresh plasma was then diluted with an equal volume of 
0.85 per cent NaCl in a 100 ml. plastic centrifuge tube and placed in the 
cooling bath kept at —5°. Dilution is not essential and there should be 
none if one wishes to avoid dissociation of certain of the more labile lipo- 
protein complexes present. Addition of ethanol was begun before the 
temperature of the mixture could reach the freezing point; after the first 
addition of ethanol, freezing would no longer occur at the temperature of 
the bath. In this and all subsequent additions, continuous but gentle 
mechanical stirring was employed. 50 per cent ethanol was added to 4 
concentration of 8 per cent. The solution was then brought to pH 6.90 
+ 0.02 with 0.125 m acetate buffer, pH 3.6. All the pH measurements were 
made with the Cambridge micro glass electrode on 0.1 ml. of solution diluted 
with 4 parts of 0.02 m NaCl at room temperature. The ethanol concentra- 
tion was then readjusted to 8 per cent and the precipitate removed immedi- 
ately by centrifugation at —5° and 3000 r.p.m. for 40 minutes. Fraction] 
(fibrinogen) was a heterogeneous preparation which denatured or coagu- 
lated readily, and was not usually retained. Fraction II was obtained by 
adjusting the supernatant fluid from Fraction I to a concentration of 20 per 
cent ethanol (with 50 per cent ethanol), and readjusting the pH to 6.90 
+ 0.02 with 0.09 m acetate buffer, pH 3.5. The ethanol concentration of 
the supernatant fluid from Fraction II was then gradually brought to 40 per 
cent (with 95 per cent ethanol), and the pH was lowered to 4.80 + 0.2 
with 0.09 m acetate buffer, pH 2.3. The crude albumin precipitate was 
centrifuged, dissolved in 10 times its weight of cold distilled water, and sub- 
jected to further fractionation. The supernatant fluid of the crude albu- 
min precipitate was allowed to remain overnight in the deep freeze, where a 
precipitate formed which was recovered by centrifugation. The recon- 
stituted crude albumin solution was then brought to an ethanol concentra- 
tion of 14 per cent (with 95 per cent ethanol) and to pH 4.30 with 0.09 u 
acetate buffer, pH 2.3. Fraction IV was removed by centrifugation in the 
cold. Finally, the ethanol concentration was increased to 40 per cent and 
the pH raised to 5.40 with 0.01 m carbonate buffer, pH 8.6. Fraction V was 
removed by centrifugation. 

In the present investigations, all fractions were dissolved in cold distilled 
water and dialyzed in the cold for 2 to 3 days with frequent changes of the 
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water to remove non-protein contaminants, including isotopic amino acids. 
The dialyzed preparations were then lyophilized and stored in a desiccator 
over P.O; in the deep freeze. For other types of investigations, dialysis 
and lyophilization may be omitted if it is desired to preserve the integrity of 
the lipoprotein complexes in certain of the fractions. 

The specific activity of the dialyzed and lyophilized fractions averaged 
about 2000 c.p.m. per mg. of C when counted in a windowless flow counter. 


FRACTION Il 


S.C.A. 


Fig. 1. Electrophoretic composition of rat plasma protein fractions prepared by 
cold ethanol fractionation. The conditions employed in the paper electrophoretic 
separations are described in the text. S.C.A. represents the supernatant fluid of 
crude albumin. The arrow at O represents the electrophoretic origin; the second 
arrow, the direction of migration. 


The electrophoretic composition of these fractions is shown in Fig. 1, where 
the protein components have been separated by filter paper electrophoresis 
with the Spinco-Durrum apparatus and technique (cf. (14), and below). 
Similar distributions were obtained in the conventional electrophoresis 
apparatus. Fraction V (albumin) contained about 5 per cent 6-globulin 
asan impurity. Fraction IV was mainly a-globulin, contaminated with a 
small amount of denatured protein which remained at the electrophoretic 
origin (Fig. 1). Fraction IIT contained about 65 per cent B-globulin and 
35 per cent y-globulin. The protein in the supernatant fluid of the crude 
albumin preparation was 95 per cent #-globulin, Radioactivity was pres- 
ent only in the protein-staining areas on the electrophoretic strips, ‘The 
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major protein components in each of these fractions appeared to be in their 
native state, as judged by a variety of physical and biological criteria which 
include solubility, electrophoretic mobility, and metabolic utilization (see 
below). 

Incubation Studies—Liver tissue was obtained immediately prior to incu- 
bation from rats exsanguinated under light Nembutal anesthesia. Slices, 
approximately 0.5 mm. thick, were prepared with the Stadie-Riggs tissue 
slicer. In every instance, incubation was carried out at 37° in Krebs-Ringer 
phosphate medium, pH 7.4, containing 0.5 per cent C'*-labeled plasma pro- 
tein as the sole exogenous substrate in the presence of 50 mg. of liver slices 
for each ml. of medium. Two types of incubation studies were conducted 
with either 15 ml. Warburg flasks for the measurement of CO2 production 
from the individual proteins or 20 ml. beakers in the Dubnoff metabolic 
incubator for estimating the conversion of plasma proteins to other metabo- 
lites. 

In the experiments in which Warburg flasks were used, the gas phase em- 
ployed was 100 per cent oxygen. Each flask contained 2 ml. of medium, to 
which were added 10 mg. of C"*-labeled plasma protein fraction and 100 mg, 
of liver slices. The center well contained 0.25 ml. of 20 per cent KOH. To 
the side arm was added 0.2 ml. of 3 N sulfuric acid. The flasks were equi- 
librated for 15 minutes and then incubated for 2 hours in the usual fashion, 
At the end of the incubation period, the acid in the side arm was tipped into 
the main compartment, and the flasks were allowed to equilibrate for the 
next 30 minutes. In addition to O2 consumption, CO2 production was 
measured manometrically on separate aliquots of liver tissue (cf. (15)). 
At the conclusion of the incubation period, the KOH in the center well was 
plated directly on stainless steel planchets and the radioactivity of 
the trapped CO. was measured immediately as described by Lyon 
and Geyer (16). The results obtained on samples from duplicate flasks 
agreed within 5 per cent. 

Incubations in the Dubnoff apparatus were carried out under a constant 
stream of 95 per cent oxygen, 5 per cent carbon dioxide for 5 hours. Each 
beaker contained 3 ml. of medium, to which were added 15 mg. of C"-la- 
beled plasma protein fraction and 150 mg. of liver slices. At the conclusion 
of the incubation period, the contents of all beakers (usually three to six) 
containing the same plasma protein fraction were combined and centrifuged 
at 0° and 3000 r.p.m. for 15 minutes. The radioactivity present in the liver 
glycogen, fatty acids and cholesterol, and in the medium glucose was meas- 
ured after fractionation of these substances and combustion to barium car- 
bonate, as described earlier (17). The amounts of these substances present 
were also estimated by conventional chemical procedures (17). In addi- 
tion, aliquots of the incubation media before and after incubation were 
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lyophilized without prior dialysis, dissolved in water at 6 per cent concen- 
tration, and subjected to paper electrophoresis and paper chromatography 
to determine the nature and radioactivity of the separated proteins and 
amino acids. 

Paper Electrophoresis and Chromatography—All paper electrophoretic 
separations were carried out with a Veronal acetate buffer (u = 0.1) of the 
following composition: sodium diethy] barbiturate, 0.05 m; sodium acetate, 
0.0375 m; NaCl, 0.0125 m (adjusted to pH 8.6 with 1.0 Nn HCl). Empir- 
ically, this buffer was found to be suitable for the electrophoretic separation 
of a;-globulin from albumin in rat plasma. The hanging strip procedure of 
Durrum (cf. (14)) was routinely applied for the determination of the protein 
distribution and isotope content of the incubation samples after lyophiliza- 
tion and reconstitution to a 6 per cent solution. 20 ul. aliquots of the latter 
were subjected to electrophoresis on Whatman No. | filter paper strips 
(12 X 14 inches) for 18 hours at a current strength of 0.5 ma. percm. The 
strips were then dried, stained with brom phenol blue, and fixed according 
to Durrum (cf. (14)). The stained strips were scanned for protein con- 
centrations in the Spinco Analytrol and for radioactivity in the Nuclear 
Actigraph with a gas flow counter equipped with a Micromil window. Self- 
absorption on the thin filter paper amounted to approximately 50 per cent 
and did not vary significantly within the limits of the protein concentrations 
employed. 

Conventional paper chromatography was used to determine the presence 
or absence of radioactive amino acids in the incubation media after con- 
centration to 6 per cent (see above). For this purpose, 50 ul. aliquots of 
the latter were subjected to one or two dimensional chromatography on 
Whatman No. 1 filter paper by employing, for the first direction, a mixture 
of 9 parts of n-butanol and 1 part of glacial acetic acid (saturated with wa- 
ter) and, for the second, phenol saturated with water (cf. (14)). The paper 
was sprayed with ninhydrin to localize the amino acids and was 
then scanned for radioactivity. Aliquots of the concentrated medium were 
also treated with an equal volume of 20 per cent trichloroacetic acid. The 
filtrate, after removal of glucose as the osazone, was evaporated on a 
planchet and analyzed for radioactivity. 


RESULTS AND DISCUSSION 


The capacity of different plasma proteins to serve as substrates for rat 
liver slices in vitro varied considerably with the preparation. It was found, 
for example, that heterologous, unlabeled plasma protein fractions (human 
or bovine), prepared by cold ethanol fractionation techniques, did not main- 
tain the respiratory metabolism of rat hepatic tissue as effectively as puri- 
fied rat plasma proteins. These proteins (particularly albumin) maintained 
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initial Qo, values for 5 hours or longer. In a similar fashion, plasma pro- 
tein fractions from the rat, which had been inadvertently denatured during 
preparation, purposely denatured by mild heating in solution, or prepared 
by ammonium sulfate fractionation rather than with cold ethanol, exhibited 
a much depressed capacity for serving as substrates for rat hepatic tissue 
in vitro. Some of these observations are summarized in TableI. It should 
be noted, however, that heterologous (18) or altered (10) plasma proteins 


TABLE I 


Influence of Various Albumin Preparations on Maintenance of 
Respiration by Surviving Rat Liver Slices* 


No. of Qo; values Qcos: values Respiratory quotient 
Substrate experi- 

ments | isthr. | Sthhr. | isthr. | Sthhr. | 1isthr. | Sth hr. 

None 1 6 1.43 0.76 1.14 0.46 0.80 0.61 
+0.06 | +0.07 | +0.04 | +0.03 | +0.02 | +0.10 

Rat albumint ; 9 1.54 1.32 1.26 1.04 0.82 0.79 
+0.07 | +0.06 | +0.03 | +0.06 | +0.03 | +0.07 

m ee 4 1.19 0.54 0.89 0.32 0.75 0.59 
+0.10 | +0.09 | +0.04 | +0.03 | +0.01 | +0.12 

si cee 6 1.46 0.99 1.11 0.60 0.76 0.61 
+0.05 | +0.09 | +0.06 | +0.04 | +0.04 | +0.10 

Bovine albuminft (Ar- 5 1.20 0.84 0.84 0.49 0.70 0.58 
mour) +0.07 | 40.10 | +0.10 | +0.07 | +0.11 | +0. 
Human albuminf (Har- 4 1.23 0.75 0.89 0.46 0.72 0.61 
vard) +0.06 | +0.11 | +0.06 | +0.04 | +0.05 | +0.09 


* The values include the mean + the standard error of the Qo, and Qco, measure- 
ments, calculated as microliters of gas exchanged per mg. of wet weight of tissue per 
hour. All the substrates were present in a concentration of 0.5 per cent. 

t Prepared by cold ethanol fractionation; electrophoretically homogeneous. 

t Heated at 50° for 5 minutes. 

§ Prepared by ammonium sulfate fractionation; electrophoretically heteroge- 
neous. 


(e.g. iodinated human serum albumin) appear to be catabolized in vivo more 
rapidly than homologous, undenatured plasma proteins. 

These findings suggested that the stimulatory effect of hensiiealill 
plasma protein fractions on hepatic respiratory metabolism in vitro could 
not be attributed merely to the maintenance of a favorable osmotic environ- 
ment, but must also reflect the specific metabolism of these substances. 
The latter phenomenon was readily demonstrated with the use of C-labeled 
rat plasma proteins. The results of a typical experiment in which 0.5 per 
cent C-albumin was the substrate are shown in Fig. 2. It will be noted 
that, after a 2} hour incubation period in the Warburg apparatus, the car- 
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bon dioxide collected had essentially the same specific activity as the origi- 
nalalbumin. This would seem to indicate that, under these circumstances, 
albumin served as the principal or sole substrate for oxidative metabolism 
(a view which was supported by respiratory quotient values of approxi- 
mately 0.80 for ethanol-fractionated albumin (Table I)). This conclusion, 
however, assumes non-selective utilization of the entire protein molecule. 
Selective hydrolysis and utilization of the C'*-labeled portions of the mole- 
cule would not appear to be likely. Fig. 2 also demonstrates that, after a 
5 hour incubation period in the metabolic incubator, appreciable amounts 
of radioactivity were present in the liver glycogen and medium glucose. 


ALBUMIN 

a 

= 1000 

GLYCOGEN 

FATTY 


Fic. 2. Hepatic metabolism of C'-albumin in vitro. The specific activities are 
shown for the original substrate (Fraction V) and for metabolites formed from it in 
the presence of rat liver slices. The carbon dioxide collection was made over a 2} 
hour period. The remaining metabolites were isolated after a 5 hour incubation 
period. See the text for further explanations. 


Little or no radioactivity could be detected in the liver lipides at the end of 
this time. 

The globulin fractions of rat plasma did not appear to be as labile as al- 
bumin metabolically in the presence of rat liver slices. Thus, somewhat 
smaller amounts of the radioactivity present in the various globulin frac- 
tions appeared in the respiratory COz2 after a 2} hour incubation period 
(Table II). Especially notable was the observation that albumin served 
as the preferential substrate for gluconeogenesis, whereas the globulins were 
relatively ineffective in this regard. Assuming that utilization of the entire 
protein molecule has occurred non-selectively, it may be calculated from 
Table II that.the rate of oxidation of each of the plasma proteins varied 
between 1.5 and 2.5 mg. per hour per gm. of liver, the higher value being 
obtained with albumin as substrate. In addition, gluconeogenesis from 
albumin in vitro involved the conversion to carbohydrate (glycogen plus 
glucose) of about 1 mg. of albumin per hour per gm. of hepatic tissue over a 
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5 hour incubation period. The rate of plasma protein utilization under 
these conditions was 5 to 10 times greater than that calculated from experi- 
ments in vivo (cf. (5,6)). It should also be noted that, zn vivo, the globulins 
appear to be utilized more readily than albumin (6-8, 10). 

Earlier investigations from our laboratories, in which non-radioactive 
plasma protein preparations were employed, demonstrated the apparent 
hepatic conversion of plasma albumin to a substance possessing the electro- 
phoretic mobility of a:-globulin in the conventional electrophoresis appara- 
tus (19). In the present study, these results were substantiated by experi- 
ments in which C"*-albumin was the substrate (Fig. 3). A protein with the 
electrophoretic mobility of a:-globulin on filter paper was formed from al- 
bumin in the presence of hepatic tissue. The corrected specific activity of 


TABLE II 
Utilization of C'*-Labeled Plasma Proteins for Carbon Diozide Production 
and Gluconeogenesis by Surviving Rat Liver Slices* 


No. of Added C* recovered as 
Protein (fraction) experi- 
ments CO: Glycogen Glucose 
per cent per cent per cent 
Albumin (Fraction V) 8 | 5.7 +4 0.3 | 0.93 + 0.06 | 3.65 + 0.15 
a,;-Globulin (Fraction IV) 6 | 3.7 + 0.2 | 0.20 + 0.03 | 0.92 + 0.09 
B-Globulin (S.C.A.) 4 3.4 + 0.4 | 0.32 + 0.03 | 0.71 + 0.07 
B- plus y-Globulin (Fraction II) 6 | 4.7 + 0.3 | 0.28 + 0.05 | 0.84 + 0.10 


* The values include the mean + the standard error. All the substrates were 
present in a concentration of 0.5 per cent. Carbon dioxide collections were made 
over a 2} hour period. All other incubations were allowed to proceed for 5 hours. 


the ‘‘a;-globulin” formed (517 c.p.m. per mg. of protein) approached that of 
the original labeled albumin (581 c.p.m. per mg. of protein). The con- 
version of §*5-labeled albumin to serum globulins in the intact rat 
has recently been reported by Maurer and Miiller (20). It is important to 
note, however, that these ‘‘conversions’”’ may involve simply the association 
of some non-protein moiety, e.g. lipide, with the albumin molecule which 
results in a change in its electrophoretic and salting out characteristics. 
The metabolic mechanisms underlying the utilization of the plasma pro- 
teins by the hepatic cell are obscure. In the present studies, it is unlikely 
that extensive proteolysis preceded entry of the protein moiety or its prod- 
ucts into the cell. Thus, after a 5 hour incubation of liver tissue with 0.5 
per cent C-labeled albumin or a-globulin, no radioactivity was found in 
the chromatographically separated amino acids or peptides present in the 
medium or in the filtrate remaining after removal of protein and glucose. 
Radioactivity was present only in that portion of the filter paper where 
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the proteins and higher peptides were located. This was true even though 
appreciable amounts of amino acids, including phenylalanine (the amino 
acid employed for labeling of the proteins in vivo), could be demonstrated 
on the chromatograms with ninhydrin. It is possible, however, that radio- 
active amino acids were released by proteolysis of the C'*-labeled plasma 
proteins at or in the cell surface, were utilized as rapidly as they 
were formed, and did not enter the metabolic pool of intracellular amino 
acids from which the amino acids released to the medium during incubation 
may be presumed to have arisen. If the orthodox assumption is to be made 


40 


30 


Fic. 3. Hepatic conversion of C'-albumin to a,-globulin. The electrophoretic- 
ally separated proteins are photographed beneath the plots with the distribution 
of radioactivity along the filter paper strips. The left-hand section represents a 20 
ul. aliquot of a 6 per cent solution of Fraction V incubated alone for 5 hours; the 
right-hand section 20 wl. of the same solution after incubation with rat liver slices 
for 5 hours. See the text and legend to Fig. 1 for further explanations. 


that the metabolism of proteins requires prior hydrolysis to amino acids, it 
must also be assumed that amino acids thus formed are selectively utilized 
for oxidative purposes. Thus, the specific activity of the carbon dioxide 
formed from the C"'-labeled plasma proteins was approximately of the same 
order of magnitude as the latter. The selective utilization of these amino 
acids would appear to be unlikely but should not be discounted, in view of 
the possibility that they may be favorably located within the cell near their 
site of utilization at the time of formation by proteolysis. An alternative 
possibility is that the plasma protein entered the hepatic cell intact or in the 
form of large peptides, and that these molecules were oxidized without ex- 
tensive prior hydrolysis and in preference to endogenous substrates. De- 
finitive evidence is not available from these studies or in the literature to 
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support this hypothesis (however, cf. (21)). In any event, the observation 
that rat plasma albumin was utilized more readily than the globulins by rat 
hepatic tissue in vitro may be explained on the assumption that the smaller 
albumin molecules penetrated the hepatic cell surface more readily than 
the globulins. 


SUMMARY 


Purified C-labeled plasma proteins were prepared by labeling with phen- 
ylalanine-3-C™ in vivo in the rat followed by cold ethanol fractionation. 
It was demonstrated that these materials were readily utilized by rat he- 
patic tissue in vitro for energetic purposes (carbon dioxide production) and 
gluconeogenesis. Albumin was the preferential substrate for these trans- 
formations; other plasma proteins were used to a lesser extent. In addi- 
tion, albumin was converted to a protein possessing the electrophoretic 
mobility of a:-globulin in the presence of surviving liver tissue. Evidence 
is presented which suggests that plasma proteins may penetrate the he- 
patic cell surface without extensive prior degradation of the protein mole- 
cule. 
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THE INHIBITION OF STEROIDOGENESIS BY AMPHENONE B: 
STUDIES IN VITRO WITH THE PERFUSED 
CALF ADRENAL 
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(From the Physiology Division, Naval Medical Research Institute, 
Bethesda, Maryland) 
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Interest has recently been aroused in the biochemical and pharmacologi- 
cal properties of amphenone B! because of its marked neurological and — 
multiple endocrinological effects. This substituted deoxybenzoin exhibits 
a typical progestational activity in the intact Clauberg rabbit (1) and an 
atypical folliculoid action in the ovariectomized female rat (2). It also 
produces a marked hypertrophy of the rat thyroid and adrenal glands 
when given either orally or parenterally (2-4). The thyromegaly, asso- 
ciated with a decrease in [I!*! incorporation (4), and adrenomegaly, asso- 
ciated with an increase in cholesterol concentration (4), do not occur in 
hypophysectomized animals (2). Moreover, these indirect, pituitary-de- 
pendent, goitrogenic and adrenal actions of amphenone can be dissociated 
(5) and selectively inhibited by the simultaneous administration of thyrox- 
ine or cortisone (3). Besides these varied endocrinological effects, am- 
phenone also exerts an anesthetic action in the rat, dog, and rabbit (5). 

The possibility of the clinical application of amphenone in hyperfunction 
and other diseases of the adrenal cortex as well as of its experimental use 
as a physiological tool in studies of steroidogenic mechanisms prompted us 
to investigate the direct effect of this non-steroidal compound on adreno- 
cortical function and metabolic activity. The various histological and 
histochemical alterations of the adrenal, such as enlargement and fat accu- 
mulation, incident to the chronic administration of amphenone, suggested 
the occurrence of an acute biochemical lesion or derangement before 
marked morphological changes are manifested. The experimental tech- 
nique employed to test this hypothesis involved the perfusion of intact 
calf adrenals in vitro, isolated from the metabolic influences of other tissues, 
with a well oxygenated artificial medium. Previous studies have demon- 
strated that the calf adrenal perfused in this manner can be stimulated 


* The opinions or assertions contained herein are the private ones of the writers 
and are not to be construed as official or reflecting the views of the Navy Department 
or the naval service at large. 

1 1,2-Bis(p-aminopheny])-2-methylpropanone-1-dihydrochloride, hereinafter re- 
ferred to as amphenone. It was generously supplied to us by Dr. Roy Hertz. 
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with corticotropin (ACTH) to synthesize appreciable quantities of corti- 
coids (6) and that it possesses the faculty in the absence of ACTH of ac- 
tively converting perfused steroids to hydroxylated and other derivatives 
(7). Both of these approaches were applied to determine the direct in- 
fluence of amphenone on the steroidogenic enzymatic mechanisms. 

A third procedure (8), employed in order to evaluate the influence of 
amphenone on the metabolic activity of isolated adrenals, involved the 
anaerobic perfusion of amphenone-exposed and control glands with the 
above mentioned artificial medium. However, in these studies the cirecu- 
lating fluid was treated with nitrogen during the perfusion and contained 
dissolved 2,3,5-triphenyltetrazolium chloride (TTC), added to serve asa 
hydrogen acceptor in place of oxygen. TTC (Hy = —0.08 volt) is a non- 
toxic, colorless, water-soluble dye which is enzymatically reduced to an 
insoluble red pigment (formazan) by a variety of dehydrogenase systems 
requiring coenzyme I or II (9); the flavoproteins are probably the imme. 
diate electron donors of TTC (10). The reduced TTC or formazan can 
be quantitatively extracted from the dried tissue by ethyl acetate and 
accurately measured in a spectrophotometer. In addition to its non-tox- 
icity and reaction with numerous enzymatic reducing systems, TTC was 
selected as an indicator of the effect of amphenone upon the metabolic 
activity of perfused adrenals because (a) it affords a simple technique to 
investigate the metabolic activity of whole organs, (b) there is an excellent 
parallelism between the deposition of formazan in tissues under anaerobic 
conditions and their oxygen consumption (11) as measured by conven- 
tional microrespiration methods, and (c) it permits a combined study of 
the biosynthetic function and metabolic activity of the same organ. 

Thus, it was hoped that this combined approach would enable us to ex- 
plore the relationship between the effects of amphenone on the adrenocor- 
tical steroidogenic and metabolic processes. The results convincingly 
demonstrated that, whereas this compound causes only a moderate reduc- 
tion in the metabolic activity of the isolated perfused calf adrenal, it in- 
duces a striking diminution in its steroid-producing capacity. The latter 
was evidenced by a marked suppression of corticosteroid production as 
well as of several specific biosynthetic enzymatic reactions participating in 
the steroidogenic mechanism. 


Materials and Methods 


Perfusion of Calf Adrenal Glands—Weighed calf adrenals, varying from 
2.5 to 5.0 gm., were excised at a local slaughterhouse and dissected from 
periadrenal fat and connective tissue. They were kept in an ice-cold, 
citrate-saline solution until cannulated and perfused via the adrenal vein. 
A detailed description of the perfusion technique has been presented else- 
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where (6). Control groups comprising two left and two right adrenals 
were perfused at 37.5° in a multicycle system with a liter of artificial me- 
dium, composed of the following substances, in gm. per liter: glucose 2.00, 
NaCl 8.2, KCI] 0.20, CaCl, 0.20, MgSO, 0.13, NaHCO; 0.60, NaH.PO, 0.05. 
The experimental groups, consisting of the four contralateral organs and 
differing in weight from the corresponding control groups by less than 4 
per cent, were perfused similarly and simultaneously in another apparatus 
but with amphenone added to their circulating fluid. The media were 
treated with a continuous stream of water-washed 95 per cent O2-5 per 
cent CO, to oxygenate them and maintain their pH around 7.3 throughout 
the perfusion period. ‘They were supplemented with penicillin G (200,000 
units per liter) and streptomycin (0.1 gm. per liter) to insure bacteriostasis. 

ACTH Stimulation and Steroid Conversion Studies—In these studies, the 
control and amphenone-exposed groups of organs were perfused for a pre- 
liminary period of 15 minutes before the addition of either ACTH (25 i.u. - 
of Armour’s ACTHAR) or one of the various steroid substrates, viz. Com- 
pound S, deoxycorticosterone (DOC), progesterone, 21-deoxycortisone, 
pregnenolone, and dehydroisoandrosterone, dissolved in propylene glycol. 
The perfusion was continued for 2 more hours. At the termination of 
each experiment, the collected adrenal effluents were treated with a stream 
of nitrogen and immediately frozen in a dry ice-acetone mixture. They 
were kept in this state until extracted for corticoids. 

Extraction of Effluents—Each thawed perfusate was extracted serially 
with four 300 ml. portions of cold ethyl acetate. The combined extracts 
were washed with 50 ml. of water, 50 ml. of 0.1 N sodium hydroxide, and 
finally with three 50 ml. portions of water. The extract was then dried 
with sodium sulfate and evaporated under vacuum. It was noted that 
the steroid-containing residues of the amphenone effluents were contami- 
nated with amphenone (and products derived therefrom?) and were 3 to 
4 times heavier than the corresponding control residues. Taking up the 
residues in methanol, diluting the latter with water to 70 per cent, and 
partitioning with petroleum ether to remove the lipides resulted in a slight | 
reduction in the amphenone content. Making the effluents 0.1 N with 
concentrated HCl immediately before extraction with ethyl acetate was 
successful in reducing but not eliminating the contamination of the residue. 

Paper Chromatography—The residues as well as standards of hydrocorti- 
sone, cortisone, and corticosterone, the major components of the steroidal 
secretion of perfused calf adrenals (6), were placed on paper strips and 
developed in a toluene-propylene glycol system (12) for 96 hours. During 
this period, the zones containing hydrocortisone (F) and cortisone (E) 
migrated approximately 7 and 35 cm., respectively, whereas the corticos- 
terone (B) appeared in the run off. Inasmuch as Compound B migrated 
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lew than 90 per cent of the strip length during 36 hours, the run off during 
thin period wan discarded in order to effect some separation of it from the 
fanter running amphenone, The run off collected from 36 to 96 hourn was 
rechromatographed for 18 hours, during which time Compound B migrated 
approximately 25 cm. The strips were allowed to dry, and the various 
ateroid zones were located under ultraviolet light. Portions (one-twentieth 
of the total width) were cut along both sides of the entire length of the 
perfusate chromatograms; these and the standard chromatograms were 
developed with the blue tetrazolium (BT) reagent to demonstrate the F, 
FE, and B zones. 

It should be mentioned that the 96 hour chromatograms exhibited a 
slight ultraviolet-positive background covering the entire strip as well as 4 
more intense ultraviolet-positive region between the F and E zones. The 
18 hour chromatograms, containing the B zone, were flooded by an appre- 
ciable ultraviolet-positive background. In each case, the ultraviolet-posi- 
tive background, as well as the unidentified zone between F and E, were 
BT-negative. Two samples of amphenone, each added to a liter of the 
artificial perfusion medium and subjected to the preceding extraction and 
chromatography procedures, yielded an ultraviolet-positive and BT-nega- 
tive zone corresponding in mobility to the one observed between F and E 
above and similarly flooded an 18 hour chromatogram. 

Corticoid Analysis—The perfusate F, E, and B zones corresponding to 
those on the standard chromatograms were cut out and eluted overnight 
with methanol. Quantitative colorimetric analyses were conducted with 
at least duplicate aliquots of these methanol eluates. The Porter and 
Silber method (13) was employed for the determination of Compounds F 
and E and the blue tetrazolium method of Chen et al. (14) for the estima- 
tion of Compound B. These means of assay were selected in preference 
to ultraviolet absorption (240 my), formaldehyde formation (15), or color- 
metric reaction with phosphomolybdic acid (16) because they were found 
to be much more specific for the steroidal compounds measured and yielded 
relatively low values for the background material already described. 
Nevertheless, corrections were made for the interfering background chro- 
mogenic material. Zones corresponding to the effluent F, E, and B zones 
were eluted from chromatograms prepared from artificial media to which | 
only amphenone has been added. The small chromogenic content of these 
amphenone zones was determined and subtracted from the corresponding 
perfusate F, E, and B zones. 

C19-Ketosteroid Analysis—In the 17-ketosteroid experiments, the ligroin- 
propylene glycol system of Savard (17) was employed for paper chromato- 
graphic fractionation. The ethyl acetate extract of the perfusates was 
chromatographed for 96 hours. After the 118-hydroxy-A‘-androstene- 
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4,17-dione zone waa located by ultraviolet absorption and the qualitative 
Zimmermann reaction, it waa rechromatographed for 96 hours, eluted with 
methanol, and asanyed by the Zimmermann reaction (18), The run off 
from the initial 96 hour chromatogram was rechromatographed for 24 
hours, and the eluted A‘-androstene-3,17-dione zone also assayed by the 
Zimmermann reaction. 

TTC Reduction Actwity Studies—In these experiments, the artificial 
medium, containing 2.0 gm. per liter of dissolved TTC, was treated with 
a continuous stream of nitrogen immediately prior to circulation through 
the mounted organs in order to expel air dissolved by agitation in the per- 
fusion system. Previous studies (8) have shown that TTC competes with 
oxygen as a hydrogen acceptor and that the process of its reduction to a 
stable, water-insoluble, deep red pigment known as formazan (TTC: H2) 
by perfused calf adrenals is essentially enzymatic. The formazan was ex- 
tracted from the desiccated, weighed, and pulverized adrenal tissue with 
ethyl acetate. After drying the extract with sodium sulfate and filtering, 
the clear red ethyl acetate solutions of formazan were measured spectro- 
photometrically at 485 my. A description of the TTC perfusion technique 
and analytical method already has been detailed elsewhere (8). 


EXPERIMENTAL 


Before initiating these studies of the influence of amphenone on the 
steroidogenic processes and TTC reduction activity of calf adrenals, it was 
necessary to ascertain whether, under the perfusion conditions employed, 
the corticoid output and deposition of formazan of contralateral groups of 
four adrenals, similarly treated and concurrently perfused in individual 
systems, were comparable. The mean of the percentage differences in the 
total corticoid outputs of eight such contralateral groups was 0.1; the 
standard deviation of these percentage differences was 5.5. The results of 
twelve TTC reduction studies indicated differences in formazan formation 
by contralateral groups of less than 6 per cent. 

The problem arose as to whether amphenone added to the perfusion 
fluid might combine with or alter the secreted corticoids in such a manner 
as to make it appear that their output had been suppressed. To test this 
possibility, known quantities of amphenone, corticoids (F, E, and B), and 
corticoids plus amphenone were added to three samples of artificial perfu- 
sion media. The latter were incubated at 37.5° for 1 hour and continuously 
treated with a stream of 95 per cent O2-5 per cent COz to simulate the 
experimental perfusion conditions. Thereupon, the media were extracted 
and the residues were chromatographed and analyzed for Compounds F, 
E, and B according to the procedures employed for the adrenal effluents. 
The data demonstrated that the addition of amphenone did not cause 
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interference with the identification, mobility, or recovery of the added 
corticosteroids. In fact, the recoveries of each of the three steroids added 
to the medium containing amphenone were over 90 per cent and compar. 
able to those from the media uncontaminated with it. 


Tanun I 


Influence of Amphenone B (Amp) on Corticoid Output® of Calf 
Adrenals Perfused with and without ACTH 


Hydrocortisone (F) Cortisone (E) Corticosterone (B) 


Treatment of contralateral sets of glands 


Amount | Changet | Amount | Changet on | Changet 


Stimulated with 25 i.u. per liter per hr. of ACTH 


Y per cent Y per cent Y per cent 
7.6 X Amp............... 147 —73 87 —73 91 —72 
7.5 X 10-*m Amp............... 184 —89 35 —93 
1700 507 
7.5 X 10-*m Amp............... 126 —73 34 —87 140 — 64 
7.5 X 10-*m Amp............... 26 —78 36 —71 14 — 87 
118 126 108 
3.0 X 10-*m Amp............... 99 —87 40 —88 139 —75 
7.5 X 10-'m Amp.............. 131 — 58 83 —75 290 —43 
314 335 511 
7.5 X 10-'m Amp.............. 103 —59 32 —73 115 —24 

Unstimulated 

7.5 X 10-4 m Amp............... 36 —68 23 —61 20 —76 
114 59 84 
7.5 X 10-*m Amp............... 42 —63 13 —80 31 —74 


* Micrograms of the major corticosteroids secreted, viz. Compounds F, E, and B. 
t Per cent decrease in output due to amphenone B. 


Results 
Corticoid Output of Amphenone-Exposed Adrenals 
Table I embodies the analytical data derived from nine perfusion experi- 
ments conducted to investigate the influence of amphenone on the bio- 
genesis of corticoids by calf adrenals, perfused in vitro and isolated from 
the metabolic influences of other tissues. The results clearly demonstrate 
that amphenone at concentrations varying from 7.5 X 10-‘ to 7.5 X 10° 
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m markedly inhibited the corticoid output of AC'TH-stimulated adrenals. 
That the diminution in output was due to interference with the biosynthe- 
sis rather than release of corticosteroids was shown by analysis of the 
glands following perfusion, In three such studies, the residual corticoid 
content of the amphenone-exposed adrenals was less than 5 per cent of the 
amount secreted and less than the residual content of the unexposed contra- 
lateral group. ‘The acute inhibitory effect exerted by this substituted de- 
oxybenzoin compound on the steroidogenic process was also observed when 
exposed glands were perfused without added corticotropin. Thus, the 
amphenone-induced suppression of adrenocortical activity can be attrib- 
uted to a depressant action on the functional capacity of the adrenal corti- 
cal cells per se rather than to an amphenone effect on the added ACTH, 
i.e. interference by inactivation, combination, etc. It may be added that 
this toxicity for the cortical secretory cells is a direct one inasmuch as its 
inhibitory action was manifested without the mediation of other tissues, 
including blood. In view of the comparable diminutions in the F, E, and 
B components of the steroidal output, it appears that at least several of 
the steroidogenic enzymatic systems are inhibited. 


Steroid Transformations by Amphenone-Exposed Adrenals 


The object of the six experiments summarized in Table II was to ascer- 
tain whether the previously observed diminutions in the elaboration of 
hydrocortisone, cortisone, and corticosterone were attributable to an im- 
paired biosynthesis of the steroid nucleus, a defect in the 118-, 17a-, or 
21-hydroxylation activity, or to a combination of these possible individual 
defects. Groups of amphenone-exposed and contralateral control adrenals 
were perfused for 15 minutes; then, various model steroids, viz. Compound 
S, deoxycorticosterone, 21-deoxycortisone, progesterone, pregnenolone, and 
dehydroisoandrosterone, were added to their circulating fluids (containing 
no added ACTH) and the perfusion was continued for 2 more hours. The 
major transformation products were isolated and determined. Compounds 
F, E, and B were assayed as previously described, and the A‘-androstene- 
3,17-dione compounds were measured by the Zimmermann reaction. The 
identification of these conversion products by infra-red analysis and melt- 
ing point has already been reported (7). The results indicate that amphe- 
none caused decreases varying from 65 to 90 per cent in the transformation 
of the steroid substrates to products involving 118-, 17a-, and 21-hydroxy- 
lations as well as the oxidation of the A®-38-hydroxyl group to A‘-3-ketone. 
The marked inhibitions of these specific biosynthetic enzymatic activities 
were of the same order of magnitude as the decrements in the corticoid 
output of ACTH-stimulated adrenals exposed to a similar concentration of 
amphenone (7.5 X 10-4 m). They provide further evidence that the 
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steroidogenic suppression induced by amphenone is a direct effect on the 
adrenocortical cells rather than an indirect one attributable to interference 
with the stimulative action of ACTH. 


TABLE II 


Influence of Amphenone B* on Conversion of Steroid Substrates 
Perfused through Unstimulated Calf Adrenals 


Amount of 
transformation products substrate due to Specific enzymatic reactions 
perfused Control Amphe lamphenone 
me. me. meg, per cent 
Compound 8 20 
Hydrocortisone 12.28 | 4.15 66 
Deoxycorticosterone 118-Hydroxylation 
Corticosterone 21.40 | 2.11 90 
21-Deoxycortisone 25 21-Hydroxylation 
Cortisone 7.50 | 1.54 80 
Hydrocortisone 2.50 | 0.66 74 
Progesterone 40 11B-, l7a-, + 21-Hy- 
droxylations 
Hydrocortisone 6.95 | 1.79 74 
Corticosterone 2.49 | 0.30 88 
Pregnenoloneft 40 118-, 17a-, 21-Hydrox- 
ylations + A5-38-0H 
Hydrocortisone 0.45 | 0.16 65 — A‘-3-ketone 
Corticosterone 0.40 | 0.14 65 
A’-Androsten-38-ol-17-one 30 A5-38-OH — A‘-3-ketone 
A‘-Androstene-3, 17-dione 16.49 | 5.23 68 
compoundsf{ 


*7.5 X 10-4 m amphenone B. 
t The pregnenolone was not in solution but a finely dispersed suspension. 
t A‘-Androstene-3,17-dione and its 118-hydroxylated derivative. 


It would appear from the study to be described that the inhibitions of 


the preceding enzymatic reactions are reversible in nature. 


A group of 


adrenals was perfused for 15 minutes with a 7.5 & 10-4 m concentration 
of amphenone, while the contralateral glands were concurrently perfused 


without amphenone. 


Then, both groups were perfused for 2 hours with a 


liter of fresh artificial medium containing 20 mg. of Compound §, 20 mg. 
of 21-deoxycortisone, 30 mg. of DOC, and 25 mg. of dehydroisoandros- 
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terone. The effluent of the group which had been exposed to amphenone 
for 15 minutes contained 11.5, 10.2, 15.0, and 15.6 mg. of Compounds F, 
E, B, and At-androstene-3 , 17-dione derivatives, respectively, as compared 
to the control values of 13.2, 12.4, 15.9, and 16.8 mg. 


to Formazan by Perfused* Calf Adrenals 


Tanie Il 
Kffect of Amphenone B and Other Substances on Reduction of TTC 


| ; Katio of of am 
Treatment of contralateral deosited. | dry weight | formazan phenone and 
of in perfused | of perfused welght on TTC 
wlands wlands (dry) tion activily 
meg. me per gem, fer cont 
Amphenone 7.5™ 104 68.70 2.018 388 
Control () if. 79 1.016 
Amphenone 7.5% 10! 26 2.408 39.44 
Control... 0 117.81 2.681 AS 16 
Amphenone 7.5% 104 120.34 2.842 42.96 1 
Control... ... 0 139.37 2.813 49.74 
Amphenone. 3.0 104 56.65 2.113 27 45 
Amphenone....... 7.5 & 10°% 68 .65 2.101 33.14 +4 
0 67.50 2.093 31.97 
Sodium fluoride 7.5 X 107.80 2.0462 52.69 +2 
0 111.98 2.1644 51.75 
Iodoacetate........... 7.5 & 10°4 40.46 1.9775 20.46 — 5O 
ar 0 81.18 1.9730 41.14 
Urethane............. 7.5 XK 1074 95.37 2.1978 43.39 +10 
0 85.30 2.1627 39.44 
Sodium azide......... 7.5 X 1074 64.14 1.9022 33.72 —]2 
0 70.15 1.8411 38.10 


* After a preliminary 15 minute aerobic perfusion (95 per cent O2-5 per cent CO:), 
2.0 gm. of TTC were added to the liter experimental and control perfusates, and the 
perfusion was continued anaerobically (Nz) for another hour. 

t Dry weight of perfused glands minus weight of formazan deposited in them. 


TTC Reduction Activity of Amphenone-Exposed Adrenals 
In the studies presented in Table III, the calf adrenals were aerobically 


perfused (95 per cent O2-5 per cent CO.) for 15 minutes with a liter of 
artificial medium. This preliminary aerobic perfusion was employed in 
order to permit exposure of the experimental glands to the various inhibi- 
tors before the enzymatic reduction of TTC was initiated. After the addi- 
tion of 2.0 gm. of TTC the perfusion was continued anaerobically (N2) for 
lhour. The data reveal that a 7.5 X 10-4 m concentration of amphenone 
caused a mean decrease in TTC reduction activity of 11 per cent. This 
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decrement in metabolic activity is in marked contrast to the diminutions 
in corticoid outputs shown in Table I. It will be noted that some of the 
classical inhibitors which were perfused at the same level also failed to 
exert an appreciable effect on the deposition of formazan. Hence, thege 
studies were extended in order to ascertain (a) their influence on the cortj- 


TABLE IV 


Effect of Amphenone B and Other Substances on TTC Reduction Activity and Corticoid 
Output of Perfused* ACTH-Stimulated Calf Adrenals 


Effect on corticoid outputt 
Treatment of experimental sets 
o glands® don Compound) Compound] Compound 
F E B 
per cent per cent per cent | per cont 
Amphenone.............. 7.5 104 27 #3 —77 
7.5 ~18 ~AA ~A0 ~ $7 
Sodium fluoride, ......... 7.5 10°4 +9 +5 42 +6 
Urethane........... 7.5 10°4 15 43 4-6 43 
Sodium azidef............. 7.5 — 23 —12 
iodoacetate....... 7.5 10° —65 —19 —15 
fluoride. ......... 2X 10°? —92 — 34 — 39 — 30 
OSES 3 xX 107! —57 —48 —48 
Sodium azidef............. 1 10? —53 —43 —40 —43 
 jodoacetate....... 2X 10? —85 — 28 —38 —30 


* After a 15 minute aerobic perfusion of the experimental and control sets, 25 i.u, 
of ACTH were added and the perfusion was continued aerobically for 1 hour. Then, 
a 500 ml. aliquot was withdrawn from each side, 1.0 gm. of TTC was added, and the 
perfusion was continued anaerobically (N2) for 1 hour. 

t Compounds F (hydrocortisone), E (cortisone), and B (corticosterone) are the 
major components of the steroidal output of perfused calf adrenals. 

t The predominant action of the azides putatively is on the Fe+**+-protoporphyrin 
enzymes. Inasmuch as TTC rather than the cytochromes provided the ‘‘feed-back” 
mechanism for the regeneration of the flavoproteins reduced by the pyridinoproteins, 
it is likely that this inhibitor would exhibit a larger metabolic depression if studied 


aerobically. 


coid output of adrenals exposed to a 7.5 X 10-4 m concentration and (b) 
their effect on the metabolic activity when perfused at concentrations which 
induced a substantial decrease in output. 

Table IV summarizes the results of eleven perfusion studies in which the 
effect on both steroidogenic function and metabolic activity of the same 
organ was measured. Following a preliminary 15 minute aerobic perfusion 
with a liter of medium containing the inhibitor, 25 i.u. of ACTH were added 
and the perfusion was continued aerobically for another hour. Then, a 
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500 ml. sample of the control and inhibitor-exposed adrenal effluents was 
withdrawn for corticoid analysis, 1.0 gm. of TTC was dissolved in the 
remaining circulating media, and the perfusion was continued anaerobically 
(Nz) for 1 hour. At the end of each experiment, the experimental and 
control glands were analyzed for their formazan content. The data pro- 
vide further evidence that amphenone exerts an appreciably larger suppres- 
sive action on the steroidogenic processes than on the metabolic activity 
of exposed adrenals. Whereas 7.5 X 10~‘ M azide and iodoacetate induced 
mean decrements of 11 and 19 per cent in the corticoid output of Com- 
pounds I’, K, and B, their metabolic inhibition was 23 and 65 per cent, 
respectively. A similar concentration of fluoride and urethane exerted 
minor effects on both. However, when each of these inhibitors was per- 
fused at a concentration high enough to induce a substantial depression in 
steroidogenesis (although it be smaller than that produced by 7.5 « 10~¢ 
mM amphenone), its corresponding inhibition of the metabolic activity was 
larger and striking. ‘Thus, compared to the toxic action of the classical 
inhibitors examined, amphenone appears to exert a relatiyely specific in- 
hibitory action on the adrenocortical steroidogenic enzymatic mechanism. 


DISCUSSION 


There are essentially three well defined clinical conditions associated 
with a hyperactive dystrophy of the adrenal cortex: Cushing’s disease, 
adrenal cancer, and the adrenogenital syndrome. In view of the fact 
that there were no known drugs which exhibited a relatively selective cyto- 
toxic action on the adrenal cortex, the interest of the authors was aroused 
in the biochemical properties of amphenone when it was reported that this 
compound induced an adrenomegaly associated with an increased choles- 
terol concentration (3, 4). Hogness et al. (19) and Heming et al. (20) 
claimed that the adrenals, hypertrophied subsequent to amphenone admin- 
istration, were capable of secreting an increased quantity of corticoids. 
Hertz and coworkers (3), on the other hand, suggested that the amphenone- 
induced hypertrophy was probably a non-productive one inasmuch as the 
hormone production was not commensurate with the increased adrenal 
size. In these and other studies of the influence of amphenone on adreno- 
cortical activity, such indirect evaluations as liver glycogen, cold-stress 
survival, eosinopenia, thymolysis, electroshock threshold, and adrenal 
histology, ascorbic acid, and cholesterol levels were employed. Recently, 
Hertz et al. (5) reported the results of the first studies of amphenone in 
which its effect on adrenocortical activity was measured directly. Em- 
ploying a chemical assay of the corticoid content of adrenal venous blood, 
they observed that amphenone markedly reduced the secretion of dihy- 
droxyacetone steroids, as measured by the Porter-Silber reaction (presum- 
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ably hydrocortisone and cortisone), in three anesthetized, hypophysecto. 
mized dogs treated with ACTH. 

The present studies involving the isolated perfused calf adrenal corrob. 
orate the preceding findings and amply demonstrate that amphenone causes 
a substantial diminution in the output of Compounds F, E, and B not only 
from ACTH-stimulated adrenals but also from unstimulated glands, 
Analysis of the exposed organs following perfusion indicated that the dim. 
inution is due to a suppression of the biosynthetic function rather than to 
interference with the release of the hormones produced. This direct and 
acute inhibition of adrenocortical activity induced by amphenone wag 
manifested not only by a marked decrement in corticosteroid production, 
but also by a similar reduction in the ability of the exposed gland to cany 
out several specific biosynthetic enzymatic reactions involved in steroide. 
genesis. It was also shown that the toxic effect of amphenone on the adre 
nal, in contrast to the action of the classical inhibitors examined, is rele 
tively specific or selective for the steroidogenic mechanism. It would 
appear that the perfusion technique employed herein to investigate th 
influence of various inhibitors on both the metabolic and biosynthetic age 
tivities of an intact endocrine organ might afford a rather simple, inexpen 
naive, and rapid method to sereen drugs, prior to extennive tenta in vive, 
for their relatively specific cytotoxic action on the hormone-producing 
mechaniam and to atudy the atructure-nactivity relationships of congenem 
synthesized for this purpose. 

Fig. 1 represents a scheme of adrenocortical steroidogenesis which has 
been prepared in order to clarify the present findings and relate them t 
the mechanism of action of amphenone on the adrenal cortex. It is bad 
essentially on schemes presented by Hechter and Pincus (21) and Dorfn 
(22) in their comprehensive reviews and shows not only how the pitui 
adrenal axis functions in the production of corticoids (and androgens) 
also the variety of specific biosynthetic reactions involved after the 
(or Cy9) nucleus is formed. Cortisol and corticosterone (Compounds 
and B) represent the main secretory products, quantitatively speaking, df 
the perfused calf adrenal.? Reactions A, I, II, and III, represented by thef pat 
heavy arrows and demonstrated in the present studies by employing the 
proper substrates, indicate the main enzymatic pathways in their biosyn-§ (1 
thesis. They take place independently of ACTH and comprise the follow-} (F 
ing stepwise conversions: oxidation of the A®-38-hydroxyl group to th? | 
A‘-3-ketone, followed by 17a-, 21-, and 118-hydroxylations. The possible) adi 


2 To date, we have found little, if any, Ci9-steroids in the effluent of the isolates * 
perfused calf adrenal. However, a material having the paper chromatographic prop in I 
erties and high Na-retaining activity of aldosterone has been demonstrated but is) por 
not included in the scheme (23). Dor 
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alternative pathways, which at most are minor ones, are indicated by the 
smaller arrows. Progesterone, arising by Reaction A from pregnenolone, 
is postulated to be the key intermediary in corticosteroidogenesis, going 
either directly or after 17a-hydroxylation (I) through separate pathways 
— and transformed by stepwise hydroxylations at the C-21 (II) and C-118 


im. INTERIOR INHIBITION INHIBITION 
PITUITARY 


steroidogenesis 


growth 


STIMULATION{ 


pregnenolone 


CH, On 


desoxycorticosterone I+ desoxycortisol cortisol (F) 


dehydroepiondrosterone A’ -androstene -3,17- -hydroxy-A*-andro- 
dione stene-3,17-dione 


1g,08 Fro. 1. Reaction sequence of adrenocortical steroidogenesis. The biosynthetic 
yy the f pathways suppressed by amphenone are labeled (S). 


osyn-§ (III) positions to the anabolic end-products, corticosterone (B) and cortisol 
(F), respectively.* 

o th Noteworthy in Fig. 1 is the “feed-back” system within the pituitary- 
ssiblei; adrenal axis: ACTH accelerates corticosteroidogenesis in the adrenal, but 


olates, *The data of Table II corroborate a large portion of the reaction sequence shown 
, prop# in Fig.1. Space considerations severely limit an extensive presentation of the sup- 
but is@ portive evidence which has already been reviewed by Hechter and Pincus (21) and 
Dorfman (22). 
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its production in the pituitary is, in turn, dependent upon the circulating 
concentration of the resulting corticoids. In view of the dual influence of 
the anterior pituitary upon the adrenal cortex, the reciprocal relationship 
between them, and the suppressive effect of amphenone on steroidogenesis, 
the probable mechanism underlying the adrenomegalic action of amphe- 
none becomes clearer. A lowered blood concentration of Compounds F 
and B incident to an amphenone-induced block in their formation would 
provoke a compensatory production of ACTH which would result in adre. 
nal hyperplasia. Moreover, the opposing views proposed in the literature 
regarding the effect of amphenone on adrenocortical activity can be recon. 
ciled if we assume that it causes a reversible inhibition of steroidogenic 
function (as suggested by the present 7m vitro data) and that the subsequent 
hyperplasia constitutes functional tissue. Thus, depending upon the time 
lapse after amphenone administration, one might anticipate not only 4 
lowered adrenocortical function but also an augmented one. 

However, reference to Fig. 1 indicates that the explanation of the mecha. 
nism of the suppressive influence of amphenone on corticoid production is 
far more complicated. Although information concerning the biosynthetic 
enzymes participating in the formation of the intact steroid nuclei from 
acetate or cholesterol (inside the “adrenal cortex” enclosure) is fragmen- 
tary, some progress has been made in elucidating the variety, nature, and 
requirements of those enzymes which catalyze the anabolic alterations 
after their elaboration (Outside the enclosure), Of the latter, the exper. 
mental data have demonstrated that amphenone mbhibite not only the Up, 
and Yi-ehydroxylases but also the (de 
IInae), Moreover, the in vivo evidence that it induces an aceumulation of 
cholesterol (4) suggests that it also interferes early in the biogenetic meta 
bolic pathway involving the enzymatic scission of the cholesterol side 
chain. Thus, any hypothesis of its mode of action must account for its 
toxicity to a number of different participating enzymatic systems asso: 
ciated with both the mitochondrial and microsomal fractions of the cells 
The possibility of a common denominator is conjured up, e.g. a similarity 
in their adsorption centers, cofactor (or cofactors), or energy-providing 
mechanism. Anent the last suggestion, it must be emphasized that 4 
non-specific reduction in the over-all cellular catabolism is not sufficient 
to explain the inhibition of steroidogenesis by amphenone in view of the 
fact that other inhibitors which exert a relatively greater metabolic depres 
sion induce an appreciably smaller decrement in corticoid production. 

Of the other endocrine effects of amphenone, the atypical folliculoid a. 
tion in the ovariectomized-adrenalectomized rat (2, 5) and the typica 
progestational activity in the intact rabbit (1) have been mentioned 
Whereas the former action appears to be direct, the possibility exists tha 
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the latter may be an indirect one mediated via the adrenal gland (or other 
steroidogenic tissues?). It can be explored in the adrenalectomized animal 
and by identification and bioassay of the product (or products) accumu- 
lated as a result of the amphenone-induced block in steroidogenesis. The 
relevance of the latter study is underscored when one considers that am- 
phenone is only about 0.5 to 0.25 per cent as active as progesterone (1). 


SUMMARY 


1. Amphenone B exerted an acute inhibitory effect on the biogenesis 
(and not the release) of corticoids by the isolated calf adrenal perfused in 
vitro either with or without added corticotropin. 

2. The suppression of steroidogenesis was evidenced not only by an ap- 
preciable diminution in the output of Compounds F, E, and B but also by 
a decisive reduction in the ability of the gland to carry out 118-, 17a-, and 
21-hydroxylations as well as the oxidation of the A5-38-hydroxyl group to 
the A‘-3-ketone. 

3. The inhibitions of the preceding enzymatic reactions are reversible 
in nature. 

4. A perfusion technique was developed to investigate the influence of 
amphenone and other substances on both the biosynthetic and metabolic 
activities of the same organ, 

5, In marked contrast to the classical inhibitors examined, amphenone 
Induced a substantially larger depression of the biosynthetic processes 
than the metabolie ones and appears to be a relatively selective inhibitor 
of the sterodopgene mechani, 

6. ‘The findings are discussed relation to the reported actions of 
amphenone, vivo, and a scheme of adrenocortical steroidogenesia in pre: 
sented, showing the various enzymatic reactions inhibited by it. 


The authors gratefully acknowledge the able technical assistance of TH. 
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THE RATE OF METABOLISM OF BRAIN AND LIVER 
GLUTATHIONE IN THE RAT STUDIED 
WITH C-GLYCINE 


By G. W. DOUGLAS* anp R. A. MORTENSEN 


(From the Department of Biochemistry, School of Medicine, College of 
Medical Evangelists, Loma Linda, California) 


(Received for publication, January 20, 1956) 


Determinations of the rates of glutathione (GSH) metabolism in a num- 
ber of tissues have been reported. These tissues include the liver but not 
the brain. ‘The present work was undertaken primarily to obtain informa- 
tion on GSH turnover in the brain. It seemed of interest, however, to 
study the liver at the same time, inasmuch as previously reported estima- 
tions of the rate of GSH metabolism in that organ had been based on other 
methods. 

The first estimate in the liver was made by Waelsch and Rittenberg (1) 
from the results of glycine-N'* incorporation experiments. More recently, 
Anderson and Mosher (2) used cystine-S**, In the present study, the ex- 
perimental method consisted of measuring the decline in radioactivity of the 
glycine moiety after a preliminary labeling of the tripeptide by injecting 
glycine-2-C™, A chromatographic technique was employed to isolate the 
glycine Component, ‘The turnover rate thus found for GSHL in the liver 
agreed well with the value deduced by Waelsch and Mittenberg, ‘Phe turn 
over in the brain proved to he the slowest so far reported for any tissue of 
the rat, 


Administration of Tsotope Male and female rats of the Sprague-Dawley 
strain, weighing between 225 and 375 gm., were used, The glycine-2-C" 
(Tracerlab) had a specific activity of 1.34 me. per mmole. 

In the liver experiments, each animal, unanesthetized, was injected intra- 
peritoneally with 3 ue. of the labeled amino acid per 100 gm. of body weight. 
All food was withdrawn 5 hours before the animals were sacrificed. 

Brain GSH was labeled by injecting the radioactive glycine into the cis- 
terna magna. The rats were anesthetized with Nembutal and placed on a 
support with heads elevated, as described by Jeffers and Griffith (3). While 
in this position, each animal was given 0.2 ue. of the labeled glycine in 0.0033 
ml. of isotonic saline per 100 gm. of body weight. The solution was ad- 
ministered with a Brooks blood sedimentation pipette (Fisher Scientific 
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Company), the capillary of which had been calibrated to deliver known yol- 
umes. Food and drinking water were provided ad libitum during the brain 
experiments. 

Isolation of GSH—At stated intervals after injection, the animals were 
killed by decapitation. The livers or brains were quickly removed, blotted 
dry, minced, and frozen with solid carbon dioxide. Weighed por. 
tions (about 1 gm.) of the frozen tissue were homogenized with 25 mg. of 
carrier GSH in 5 ml. of 10 per cent trichloroacetic acid in a Potter-Elvehjem 
glass homogenizer. The insoluble material was separated by centrifugation 
and washed once with 5 ml. of the trichloroacetic acid solution. GSH was 
isolated from the combined supernatant solutions as the copper mercaptide 
by the method of Waelsch and Rittenberg (4). Suspensions of the mercap. 
tide in absolute ethanol were deposited for counting on aluminum disks (6), 

Chromatography—To obtain GSH samples for the separation of the amino 
acid components, 10 mg. aliquots of the GSH copper mercaptide deposits 
were removed from the aluminum disks after radioactive determinations 
had been completed. These aliquots were pooled for each time interval, 
The amino acids were liberated from the pooled samples by hydrolysis and 
then separated as 2,4-dinitropheny] (DNP) derivatives on silicic acid cdl- 
umns, as previously described (6). 

Measurement of Radioactivity—The counting of the GSH copper mercap- 
tide and the DNP-amino acid samples was carried out as described ear. 
lier (5, 6). 

Determination of GSH—Liver and brain GSH concentrations were de- 
termined by the method of Grunert and Phillips (7), 

Graphs ‘The specific activities were plotted semilogarithmically againat 
line, All straight lines were obtained by the method of least squares, 


ANT DIRCUREION 


Liver Specific activity time curves are in Fig. As can be seen, the 
glycine curve is steeper than the GSE curve, This difference in slope ean 
he accounted for by a gradual inerease of C' in the cysteine and glitamic 
acid moieties, Tt was found that the percentages of the total radioactivity 
associated with these amino acid components rose steadily throughout the 
time of experiment, 9.4 per cent being located in the cysteine and 5.9 per 
cent in the glutamic acid 18 hours after the injection of the labeled glycine. 

The half life of liver GSH calculated from the glycine activity-time curve 
(Fig. 1) is 4.7 hours. Waelsch and Rittenberg (1) estimated that the gly- 
cine of liver GSH of rats is replaced in 4 hours or less. While the present 
work was in progress, Henriques et al. (8) reported a half life value of 7 to$ 
hours for GSH in rabbit liver. 

The half life value as calculated in the present work must be affected to 
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some extent by the presence in the tissue of free radioactive glycine during 
the time the changes in specific activity were being studied. That this ef- 
fect was probably small is indicated by the results obtained by Henriques 
dal. (8) following the injection of labeled glycine into rabbits. The half 
life computed by these workers from simultaneous determinations of the 
activities of the glycine moiety and the free glycine proved to be only 13 
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Fic. 1. Specific activity-time curves of liver glutathione and the glycine obtained 
from the glutathione by hydrolysis. The rats were given a single intraperitoneal 
injection of glycine-2-C" at zero time. Mach point represents the average of four to 
ix animals, ‘The specific activities are in counts per minute per microgram of liver 
glitathione, @, glutathione; O, glycine after corrections for losses incurred in pre- 
paring and chromatographing the glycine. 

hig. Npecifie activity of brain glutathione The rate were given single intra 
injection of glycine at gero time, point representa the average 
to animale Phe specie activities are in conte per minute per 
gam of glutathione, 


percent lower than the value that would have been obtained had the radio- 
activity of the free glycine been neglected, 

Brain After the intracisternal injection of labeled glycine, the racdioac- 
tivity of brain GSH rose rapidly to a maximum but did not begin a steady 
decline until 1 or 2 days had elapsed. In Fig. 2 is the specific activity-time 
curve for the interval between 48 and 240 hours. In contrast to the results 
obtained in the liver following intraperitoneal injection, no radioactivity 
could be detected in the cysteine and glutamic acid components. Appar- 
ently the central nervous system does not form appreciable amounts of 
these amino acids from glycine. The specific activities of the GSH could, 
therefore, be taken as those of the glycine component. Since the former 
values were subject to less experimental error, they were used in construct- 
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ing the specific activity-time curve. The half life of brain GSH calculated 
from the curve (Fig. 2) is 71 hours. 

The possibility of free labeled glycine being present in significant amounts 
during the 48 to 240 hour interval was suggested by the reported failure of 
brain tissue to metabolize glycine-2-C™ (9) and by the limited ability of the 
amino acid to penetrate the blood-brain barrier (10). No attempt was 
made to determine free labeled glycine levels, but the rate of excretion of 
the label in expired CO. was measured at intervals following the intm. 
cisternal injection of glycine-2-C'. This was done in the conventiona] 
manner by collecting the expired CO2in NaOH. BaCO; mounts, prepared 
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TIME IN HOURS 


Fia. 3. Specific activity of expired CO, following a single injection of 1.5 ye. of 
glycine-2-C"* per 100 gm. of body weight. @, intracisternal injection; O, intraperi- 
toneal injection. Each point represents the average of two animals. The specific 
activities are in counts per minute per microgram of carbon in the expired CO,, 


from the COs, were counted in a windowless gas flow counter, The resulta 
were corrected to infinite thinness, As shown in big. 3, the specific activity 
of decreased to about 14 per cent of the value in hours, 
44 hours (not shown) the activity had dropped tod per cent of the nar 
mum, The specific activities found during the firat hours following in 
traperitoneal injection were plotted for comparison, Although the tw 
curves differ in contour, the percentages of the injected doses excreted dur 
ing this period were not greatly different. From these results, it seems un 
likely that free labeled glycine was present in the brain in important! 
amounts during the 48 to 240 hour interval. 


SUMMARY 


The turnover of liver and brain glutathione has been studied in the mi 
by measuring the decline in radioactivity of the glycine moiety after th 
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injection of glycine-2-C™. The half life was calculated to be about 4 hours 
in the liver and 70 hours in the brain. 

Radioactivity appeared in all three amino acid components of liver gluta- 
thione following intraperitoneal injection but only in the glycine component 
of brain glutathione after intracisternal injection. 


The authors are indebted to Dr. M. I. Haley for help in carrying out the 
chromatography. 
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METABOLIC INHOMOGENEITY OF GLYCOGEN AS A 
FUNCTION OF MOLECULAR WEIGHT 


By MARJORIE R. STETTEN, HOWARD M. KATZEN, 
AND DEWITT STETTEN, Jr. 


(From the National Institute of Arthritis and Metabolic Diseases, 
National Institutes of Health, Bethesda, Maryland) 


(Received for publication, January 19, 1956) 


In earlier studies of the metabolic inhomogeneity of liver and muscle 
glycogen (1, 2), it was found that the turnover of glycogen in vivo could not 
be represented as the replacement of pre-existing by newly formed mole- 
cules. The process occurring in tissues of the intact animal was one in 
which peripherally situated glucosyl residues of glycogen were displaced by 
glucose from the body fluid, a process attributed to phosphorylase activity. 
By a second, slower process, attributed to the action of a branching enzyme, 
peripherally situated glucosyl residues in glycogen progressively entered 
more centrally located tiers of the polysaccharide. This latter process ap- 
peared to proceed more slowly in the muscle than in the liver of the rat. 

Glycogen is known to be highly polydisperse (3, 4). For example, glyco- 
gen fractions ranging in molecular weight from 10 XK 10°to 159 X 10° have 
been separated from a single sample of liver glycogen in the present study. 
In view of the established metabolic inhomogeneity of glycogen within 
successive tiers of a given molecule, it was determined to extend the study 
to an investigation of another possible inhomogeneity with respect to the 
variation in molecular weight. One of the questions to which an answer 
was sought was whether, in liver and in muscle, glycogen molecules of dif- 
fering sizes entered into the turnover process at differing rates. 

Although there is at present no satisfactory way of knowing whether a 
given sample of glycogen, after isolation, has a molecular weight identical 
with that which it had in its ‘native’ state, it was clearly desirable to ob- 
lain glycogen samples which had been minimally degraded in the course of 
iwolation, Comparison of the molecular weights of glycogen samples ino- 
lated from tissues by the usual extraction with hot KOT solution or by 
extraction with cold trichloroacetic acid showed that degradation of the 
polysaccharide waa appreciably greater during the alkaline extraction pro. 
cedure, Alkaline reagenta were therefore avoided in moat of the subsequent 
olations. Marler determinations of the molecular weight of glycogen, 
conducted upon alkali-treated materials (4-7), cannot, in view of the pres- 
ent findings, be considered as measuring the “native”? molecular weight. 
Presumably the molecular weights of “native” glycogens are still higher 
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than our values indicate. It has been found that significant degradation 
may occur in the course of the acid extraction employed. To minimize 
this, the contact between glycogen and trichloroacetic acid was kept ag 
brief as possible, and the temperature was maintained at 0°. 

The selection of a method for molecular weight estimation in this study 
was determined by several factors. A careful study of the method pro- 
posed by Isbell (8), in which the combining weight of a polysaccharide is 
calculated from the radioactivity of the product of addition of NaCN 
with the unique reducing end of each polysaccharide molecule, revealed 
insuperable difficulties when applied to molecules as large as glycogen. The 
radioactivity of the product was found to be dependent upon the concentra- 
tion of NaC"“N employed, even though, based on the expected stoichiome- 
try of the cyanohydrin reaction, this reagent was at all times present in 
great excess. The formation of traces of radioactive products from NaC"N 
itself which were not volatile upon acidification further confused the results. 

The method of light scattering was selected in part because of its previous 
application to glycogen and to related compounds (4, 7, 9-11). Admittedly 
the values obtained by this method are weight-average molecular weights 
rather than the more useful number-average values, and thus attribute 
- relatively more significance to the large than to the small molecules ina 
polydisperse population. Although this fact must be borne in mind in the 
interpretation of the numbers presented below, there is no reason to suppose 
that it will invalidate any of the conclusions which have been reached. 


EXPERIMENTAL 


Light Scattering Measurements for Estimation of Molecular Weight of Gly- 
cogen—All turbidity measurements were made on glycogen dissolved in 
15 per cent aqueous MgCl, solution. The choice of solvent was based on 
the finding (9) that optimal solvation and most reproducible results are 
secured under these conditions. The concentration of the glycogen ranged 
between 0.02 and 0.2 mg. per ml. The solvent was repeatedly filtered 
through sintered glass (porosity ‘““UF’’) until minimal turbidity was at- 
tained. Filtration of glycogen solutions through a variety of media, in- 
cluding sintered glass and Millipore filters HA and AF! invariably resulted 
in progressive diminution in turbidity owing to removal of glycogen from 
solution, High speed centrifugation could not be used to clarify the solu 
tious because of the ease of sedimentation of the large molecules and the 
resulting fractionation (see below), Tt was therefore necessary to omit 
filtration and centrifugation of solutions containing glycogen and to rely 
exclusion of dust in the preparation of the sample, ‘The that the 
contribution to turbidity due to glycogen molecules ia very large min 


' Millipore Corporation, Watertown, Maagsachuaetts, 
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mizes the importance of contributions from dust. It was repeatedly ob- 
served that the turbidity of glycogen solutions did not change appreciably 
upon standing in the cuvette overnight under conditions which permitted 
the settling of large particles of dust. The internal consistency of the re- 
sults obtained also justifies the conclusion that the turbidity measured was 
predominantly due to glycogen. 

Carefully purified polysaccharide samples, dried over P.O; in vacuo at 
78°, were weighed and dissolved in dust-free MgCl. solution. Three meas- 
ured portions of this solution were successively added to a weighed sample 
of dust-free solvent contained in a semioctagonal cuvette.2 After each 
addition, the contents of the cuvette were stirred magnetically. The in- 
tensity of scattered light was measured in a light scattering micro photom- 
eter? at 45°, 90°, and 135° with the use of filtered light of maximal intensity 
at 436 mu. 

Weight-average molecular weights were calculated from turbidity data 
by the dissymmetry method by the application of the equation 


P(90) = + 
M 


The symbols employed have the meanings assigned to them by Doty and 
Edsall (12). The reduced intensity of scattered light at 90°, 90, was cal- 
culated from the galvanometer readings at 90° and at 0°, corrected for the 
light scattered by pure solvent. From this, the turbidity, 7, was computed 
by the equation rt = Ig9k no’, where k is an experimentally determined 
instrument constant for \ = 436 my. From experimentally determined 
values of 45 and J,35, the dissymmetry of scattering, z, was calculated and 
found to lie between 1.20 and 3.75, higher values usually being associated 
with higher molecular weights. The value of c/7 was found to be essentially 
independent of c, permitting us to disregard the term 2BP(90)c. The val- 
ues of P(90) were interpolated from the values of z, data given for spheres 
by Doty and Steiner (13) being employed. H was evaluated from the re- 
lationship (12) 


g?(dn/de)* 
3N oA o* 


H 


The value of the derivative dn/de, the rate of change of refractive index 
With respect to glycogen concentration in 15 per cent aqueous MgCl solu. 
lion at 456 was found to be 0.146 from measurements made on a differ. 
refractometer at the National Mureau of Mtandards. We are in- 
debted to Dr, Samuel Weissherg, Polymer Mtructure Laboratory, National 


American Inetrument Company, Silver Spring, Maryland. 
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Bureau of Standards, for helping us with this determination. The refrac. 
tive index of the solvent, no, was found to equal 1.367. 

The validity of the light scattering method in the present study is sup- 
ported by the following data. In Table I are given representative repli- 


TABLE I 
Replicate Determinations of Molecular Weight of Glycogen by Light Scattering Method 


Sample Molecular weight | Déssymmetry 
Rat liver glycogen TCA 70.8 X 108 2.45 
70.7 X 10° 2.40 
Rat liver glycogen TCA 48.6 X 108 2.57 
43.9 X 106 2.75 
46.8 10° 2.63 
Rat liver glycogen TCA 45.2 X 108 2.29 
41.4 X 106 2.41 
41.1 X 108 2.41 
Rabbit muscle glycogen KOH 3.1 X 106 1.69 
3.0 X 10° 1.26 
TaBLeE II 
Comparison of Molecular Weights of Glycogens and of Dezxtrins Prepared from Them 
Relative Relative 
degradation 
per cent 
Rat liver glycogen (TCA)...... 0 100 25.7 X 10° 100 
Phosphorylase dextrin........ 22 78 20.1 X 10° 78 
B-Amylase LD*............... 50 50 12.1 X 108 47 
Rat liver glycogen (TCA)...... 0 100 13.8 XK 10% 100 
B-Amylase LD*............... 45 55 8.2 X 10 59 
Rat muscle glycogen (KOH).... 0 100 3.5 X 108 100 
B-Amylase LD*............... 41 59 2.4 10° 68 


* Limit dextrin. 


cate determinations of certain glycogen samples which indicate a satisfac- 
tory degree of reproducibility. In Table II are recorded turbidimetne 
determinations of molecular weight conducted upon samples of glyco 
gen and of dextrins derived from these by the action of B-amylase and 
phosphorylase. Comparisons of these samples are of interest’ because de- 
termination of the amount of maltose and glucose-|-phosphate enzymat 
ically liberated (1, 2) has permitted estimation of the per cent of degrada 


5 
a 


STETTEN, KATZEN, AND STETTEN 591 


tion, hence of the mean molecular weight of the dextrin relative to that of 
the glycogen sample from which it was derived. Agreement will be noted 
between the relative molecular weights of dextrins calculated from degrada- 
tion data and those determined by measurement of light scattering. These 
findings give added significance to the relative molecular weights deter- 
mined turbidimetrically and also support the conclusion that random con- 
tamination with dust was not introducing important errors in the determi- 
nations. 

Glycogen Samples—Samples of liver and muscle glycogen for determina- 
tions of molecular weight were secured from a group of rats which had 
been conditioned to consume their total daily ration in two half-hour inter- 
vals at 9.00 a.m. and 4.00 p.m. Rats were killed at fixed periods after 
completion of the morning meal, in order to secure known periods of 
fasting. By this device varying quantities of glycogen were obtained. 

Radioactive samples of glycogen were obtained from four adult male 
rats, each of which was given about 50 uc. of glucose uniformly labeled 
with C™ (1.08 ue. per mg.) intraperitoneally 3 hours before death. Two 
of these rats had access to food throughout the experiment and two were 
fasted, one for 12 and the other for 18 hours, before injection of glucose-C™. 
Two additional samples of rat liver glycogen-C™ included in the present 
study had been employed in earlier studies (1, 2). 

One 3.1 kilo male rabbit was fasted for 18 hours and then was given by 
stomach tube a solution containing 8 gm. of glucose together with 150 uc. 
of glucose-U-C™. This animal was killed 5 hours later, and glycogen was 
isolated from liver and from muscle. 

The diet of all the animals consisted of laboratory pellets. The animals 
were all killed by injection of Nembutal solution, and glycogen was iso- 
lated immediately after death. 

Two methods of glycogen isolation have been employed. The first of 
these (TCA method) involved grinding of tissue with ice-cold 10 per cent 
trichloroacetic acid solution and three subsequent re-extractions of the 
residue with cold 5 per cent trichloroacetic acid solution. In the case of 
liver, grinding was effected in an ice-cold mortar with sand; in the case of 
muscle, a mechanical high-speed mixer (Omni-mixer) cooled to 0° was used. 
Glycogen was immediately precipitated with ethanol from trichloroacetic 
acid solution and purified by repeated precipitation with ethanol from 
clarified aqueous solution. This procedure was repeated until addition of 
LiBr was required to induce flocculation. Glycogen prepared by this 
method had at no time been exposed to alkaline solutions. Elementary 
analyses on liver glycogen samples so prepared and purified gave satisfac- 
tory carbon and hydrogen values for (Cy,H Muscle glycogen sam- 
ples were always found to contain traces of phosphorus and nitrogen. 
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The second method (KOH method) involved the conventional solution 
of tissue in 30 per cent aqueous KOH at 100°, precipitation of glycogen 
with ethanol, repeated precipitations by addition of ethanol to clarified 
solutions in water, in dilute HCl or TCA solution, and again several times 
in water. 

Preparations of limit dextrins were carried out as previously described 
(1, 2). 

Certain samples of glycogen were fractionally precipitated from aqueous 
solution by cautious addition of ethanol. It was found that, from an 
ethanol-water mixture, 15 per cent w/w, containing 0.1 per cent of glycogen 
and a trace of added LiBr, a series of fractions could be precipitated by 
cooling at 0°, centrifuging, and again cooling the decanted supernatant 
liquid. After most of the glycogen initially present had been precipitated 
in this fashion, a final crop was obtained by the addition of an excess of 
ethanol to the supernatant solution. 

An alternative fractionation procedure was based upon differential cen- 
trifugation of aqueous glycogen solutions (about 1 per cent) in the Spinco 
preparative ultracentrifuge. One sample of liver glycogen was conven- 
iently divided into fractions by centrifuging successively for periods of 1 
hour at 26,000, 59,000, and 105,000 X g, the sediment being separated 
after each centrifugation. With a sample of muscle glycogen an additional 
fraction was secured by centrifuging again for 1.5 hours at 105,000 x g. 
A final fraction was obtained by treatment of the last supernatant solution 
with ethanol. All fractions obtained by either fractionation procedure 
were reprecipitated once more from water with ethanol, prior to analytical 
studies. 

Most samples of glycogen-C™ were converted to CO:z and counted as 
BaCO; under a thin window Geiger counter. A few samples, because of 
paucity of material, were plated as glycogen anc counted as such. Radio- 
activities obtained by the latter method were corrected by an experimen- 
tally determined factor, before comparison with BaCO; samples. 


Results 


Effect of Exposure of Glycogen to Alkali—Earlier estimates of molecular 
weight of glycogen have usually been conducted upon materials isolated 
from tissues by treatment with hot aqueous alkali (4-7,9). Therearea few 
reports of molecular weights of glycogen determined on samples isolated 
by aqueous or aqueous acid extraction (6, 11, 14, 15). In some instances, 
number averages rather than weight averages were measured. In general, 
values lower than those found in the present study have been reported. 

In our hands glycogen, whether isolated from liver or muscle, had a far 
lower molecular weight, determined turbidimetrically, when isolated by 
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the KOH method rather than by the TCA method (Table III). A sample 
of liver glycogen was isolated by the TCA method, and its molecular 


weight determined. It was subsequently treated for 3 hours with 30 per 


cent KOH at 100°, reisolated and purified, and its molecular weight rede- 
termined. A decline in molecular weight from 46.4 X 10° to 10.3 xX 10° 
had resulted from this treatment. Staudinger had earlier failed to detect 
a decline in molecular weight of glycogen on treatment with hot KOH so- 
lution, but the glycogen which he employed had been isolated by the KOH 
method (4). Bridgman (14), who used sedimentation methods, failed to 
observe a difference in molecular weights of several samples of glycogen 
isolated by the TCA and KOH methods. This apparent discrepancy be- 
tween his results and our own may be due to the differences in methods of 
molecular weight determination. More probably they are attributable to 
insufficient care being given to the time and temperature of exposure of 


TaBLeE III 
Comparison of Molecular Weights of Glycogen Samples Secured by Different Methods 


Samples of tissues were divided, and glycogen was isolated from equal portions 
by the TCA and KOH methods described in the text. 


Source of glycogen TCA method, molecular weight | KOH method, molecular weight 
45.2 10° 2.7 X 108 
Rat leg muscles..........-..... 43.8 108 6.1 108 


glycogen to TCA, conditions not mentioned in Bridgman’s report. We 
have found, for example, that the molecular weight of a sample of liver 
glycogen dissolved in 5 per cent aqueous TCA fell from 71 & 10° to 44 x 
10° at O° in 2 hours and to 14 X 10° at 23° in the same time. | 

The clear inference from the present results, that glycogen is appreciably 
degraded by treatment with alkali, has required that we confine our studies 
to samples in the isolation of which alkali was avoided. It is recognized 
that some hydrolytic degradation of glycogen occurs during the brief ex- 
posure to cold acid in our TCA method. However, this degradation is 
far less extensive than that due to hot alkali. 

Molecular Weight of Liver Glycogen As Influenced by Fasting—One means 
of ascertaining whether glycogen molecules of different weights are equally 
reactive metabolically is to study the molecular weight of residual glycogen 
after partial depletion. In the case of liver glycogen, such depletion is 
readily effected by fasting. In Table IV are given the quantities of glyco- 
gen recovered from the livers of fed and variously fasted rats and the molec- 
ular weights of these samples. In general there appeared to be a tendency 
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for lower molecular weights to be associated with larger quantities of 
glycogen found in the liver. A rank order correlation between these two 
columns of figures of —0.65 + 0.17 confirms this impression. 


TaBLeE IV 
Correlation of Quantity Recovered with Molecular Weights of Liver Glycogen Samples 


Glycogen samples were isolated by extraction of the livers of rats with cold tri- 
chloroacetic acid solutions. 


Quantity of liver glycogen Time after last meal Molecular weight 
mg. hrs 
862 0 34.9 &K 10° 
750 0 13.8 X 106 a 
607 0 15.4 X 10° 
495 4 46.4 X 106 
337 4 42.5 X 108 
264 6 70.8 X 10° 
125 2 52.5 X 108 
97 12 64.4 10° 
57 15 47.9 X 10° 
43 18 64.5 X 108 } 
42 18 57.1 X 10° 
23 18 79.5 X 108 
5 18 44.2 X 10° 
R 
TABLE V 
Molecular Weights of Fractions of Liver Glycogen 
A sample of rat liver glycogen, isolated by the TCA method, was fractionally pre- 
cipitated from water with alcohol. R 
Sample Quantity Molecular weight Py 
Glycogen 101 42.5 X 10° 2.38 su 
Fraction 1 7 159 10° 3.70 
Intermediate portions were discarded 3 t 
Fraction 2 11.5 18.1 K 10° | 1.80 
ws 3 ' 18.8 10.1 X 108 1.50 san 
hea 
Fractionation of Glycogen—Samples of liver and of muscle glycogen have 


been divided into fractions by two procedures. The first of these is based disy 


upon the collection of the precipitates which appear successively when a — 54M 
solution of glycogen in 15 per cent aqueous ethanol is chilled. The second fron 
method involves the successive collection of the sediments deposited when , T 

ror 


an aqueous solution of glycogen is subjected to successively increased cen- 
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trifugal fields. The fractionation which is obtained by either method is 
at least in part determined by molecular weight. The first precipitates 
collected from any glycogen sample exhibit the highest weight-average 
molecular weights, and progressively decreasing molecular weights are 
found in succeeding samples. The degree of polydispersity found in a 


TABLE VI 
Molecular Weights and Radioactivity of Liver Glycogen Fractions 
Time 
after Specific 
Sample Quantity Molecular weight 
|ministra- mibliatom Cc 
tion 
hrs. mg. 
Rat liver glycogen 6 74.0 2.24 25.7 X 10° 47.7 
Fraction 1* 8.6 2.56 45.9 & 10° 40.1 
2 32.0 2.11 26.3 10° 46.5 
o 3 15.8 2.35 21.3 X 10° 47.5 
4 16.7 1.58 9.1 10° 50.1 
Rabbit liver glycogen 5 102 2.39 45.2 X 108 2040 
Fraction 1* 22.3 2.63 93.1 X 106 1868 
a 2 10.9 2.72 41.4 X 106 1920 
ig 3 30.6 2.24 44.7 X 10° 2046 
4 23.6 1.80 16.1 X 10° 2140 
Rat liver glycogen 3 100.3 1.59 15.4 X 108 47.6 
Fraction lf 18.3 2.32 47.3 X 108 42.9 
es 2 27.0 1.45 16.1 X 108 45.0 
” 3 19.8 1.43 8.8 X 10° 50.3 
“s 4* 24.1 1.29 6.0 X 108 53.5 
Rat liver glycogen 3 116 1.78 34.8 X 108 33.7 
Fraction lf 30.1 2.10 82.9 * 10° 31.3 
oi 2 46.2 1.40 27.3 X 10° 33.4 
. 3 20.1 1.35 14.0 X 10° 35.7 
“ 4* 10.4 2.00 12.0 X 108 43.1 


* Fractionation from aqueous alcohol. 
+ Fractionation by centrifugation. 


sample of liver glycogen is seen in Table V._ It is of course recognized that 
heavy cross-contamination doubtless occurs in both fractionation proce- 
dures and that each fraction arbitrarily collected is undoubtedly still poly- 
disperse. Indeed, refractionation resulted in further separation of the 
samples into fractions whose molecular weights often overlapped those 
from the original fractionation. 

These procedures have been applied to samples of glycogen-C™ secured 
from tissues of animals killed 3 to 6 hours after administration of glu- 
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cose-C™, Our earlier studies have shown that at this time the radioactive 
glucose is predominantly in the outer tiers of the glycogen molecules in both 
liver and muscle (1). The results of these studies on liver glycogen sam- 
ples are given in Table VI. In each sample of liver glycogen so studied, 
radioactivity was found to be fairly uniformly distributed among the 
several fractions. However, there is apparent a clear tendency for the 


TaBLeE VII 
Molecular Weights and Radioactivity of Muscle Glycogen Fractions 
Time 
after ; Specific 
Sample Quantity Molecular weight 
|ministra- C 
tion 
hrs. mg. 
Rabbit muscle glycogen 5 108.3 1.43 11.9 X 10° 84 
Fraction 1* 4.9 2.50 13.6 X 106 270 
os 2 39.1 1.50 11.9 XK 108 109 
oe 3 4.8 1.66 12.3 X 106 87 
4 23.0 1.63 10.2 X 108 56 
- 5 14.8 1.41 7.4 X 108 26 
Rabbit muscle glycogen 5 144.4 1.43 11.9 X 108 84 
Fraction 1f 12.6 2.03 26.9 * 108 105 
3 2 28.1 1.35 13.6 X 106 106 
e 3 58.7 1.27 10.8 X 10° 92 
” 4 16.1 1.56 10.9 X 108 78 
44 5° 17.8 2.10 6.7 X 10 52 
Rat muscle glycogen 3 99.3 2.81 20.5 X 10° 227 
Fraction 1* 12.0 3.85 52.2 108 310 
2 43 .6 2.53 15.5 X 108 207 
3 9.8 2.40 12.9 10° 203 
“36 4 21.0 1.69 6.2 X 108 140 


* Fractionation from aqueous alcohol. 
t Fractionation by centrifugation. 


higher specific activities to be associated with the lower molecular weights. 
Those fractions of a given liver glycogen sample in which the larger mole- 
cules predominate have been less active in those processes which result in 
incorporation of glucose from the circulation. This finding, considered 
together with that reported above, leads to the conclusion that, of the 
heterogeneous population of liver glycogen molecules, those of lower molec- 
ular weight are somewhat more reactive, both in the processes of glyco- 
genesis and in the processes of glycogenolysis, than those of higher molec- 
ular weight. 

Analogous fractionation studies of samples of muscle glycogen are re- 
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corded in ‘Table VII. A striking difference is to be noted between these 
results and those secured from liver glycogen. Those fractions of glycogen 
from muscle which have the highest molecular weight were in each case 
the most radioactive portions of the sample, and there was a systematic 
decrease in specific activity noted, correlated with decline in molecular 
weight. From this it is concluded that, in contrast to the situation in 
liver, it is the larger molecules of glycogen in muscle which participate 
most actively in processes of incorporation of new glucosyl residues at 
their periphery, while those samples of the population rich in smaller mole- 
cules are appreciably less reactive in this regard. 

Both liver and muscle glycogen were found to be highly polydisperse. 
This finding is in contrast to the conclusions of Staudinger (4), based on 
samples isolated by the KOH method, that muscle glycogen is essentially 
of uniform molecular weight. 


DISCUSSION 


Two types of metabolic inhomogeneity of glycogen have been observed. 
The first of these relates to inhomogeneity within the molecule and reveals 
that peripherally located glucosyl residues are in an active dynamic steady 
state relationship with blood glucose, while glucosyl residues located in 
inner tiers of the molecule are metabolically more remote from blood glu- 
cose. Comparison of liver and muscle glycogen by this criterion revealed 
that in muscle the entry of glucose into the inner tiers of glycogen proceeds 
far more slowly than in liver. 

The second type of inhomogeneity relates to the metabolic differences 
within a population of glycogen molecules as a function of molecular weight. 
It has been found here that molecules of various sizes react at differing 
rates, and again liver and muscle show an interesting contrast. In liver 
it appears that the smaller molecules are somewhat more reactive meta- 
bolically, whereas in muscle it is the large molecules that react most rapidly. 

It would be of interest to relate these differences noted in liver and in 
muscle. At present no simple basis for relationship is apparent. The 
intramolecular differences reported in earlier studies were considered to 
stem from differences, within tissues, in relative activities of phosphorolytic 
and branching processes. The differences reported in the present paper 
may analogously be due to differences in predilection of muscle and liver 
phosphorylases, the former preferring large and the latter small polysac- 
charide molecules. 

Because of these demonstrated metabolic inhomogeneities of glycogen, 
it is not possible to consider the turnover of glycogen as we did in 1944 
(16) in the same terms as may be applied to other body constituents for 
which isotopic and metabolic homogeneity can still legitimately be as- 
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sumed. The situation has recently been confused by a report from Shull 
and Mayer (17), who, failing to appreciate this implication of our recent 
studies, endeavor to evaluate the turnover rates of glycogen from measure- 
ment of radioactivity in total glycogen at various times after injection of 
glucose-C', They calculate the linear regression of radioactivity in glyco- 
gen, thereby imputing zero order kinetics to the process. ‘They then pro- 
ceed to calculate the half life of glycogen, imputing first order kinetics to 
the process. In actuality the difficulty in describing the turnover of gly- 
cogen resides not in the paucity of animals, as Shull and Mayer imply, but 
rather in the fact that no single quantity can be defined to measure this 
process. In the accepted sense, glycogen does not have a turnover rate 
constant and consequently cannot have a meaningful half life. The sev- 
eral glucosyl] residues i1.. a given sample of glycogen do not have an equal 
probability of being replaced within a given time interval. This probabil- 
ity depends at least upon (a) the location of the glucosyl residue within 
the glycogen molecule and (b) the molecular weight of the particular gly- 
cogen molecule within which it is contained. 


The authors wish to thank Dr. William R. Carroll and Miss Margaret 
J. Callanan for their valuable advice and assistance in the application of 
the light scattering method to molecular weight determinations. 


SUMMARY 


Glycogen has been extracted from livers and muscles of rats and rabbits 
either by hot KOH solution or by cold trichloroacetic acid solution (TCA). 
Some of the animals had received glucose-C™“ 3 to 6 hours before being 
killed. Samples of liver and muscle glycogen were fractionated either by 
centrifugation in aqueous solution or by precipitation from aqueous eth- 
anol. Molecular weights of glycogen samples and of fractions thereof were 
determined by the method of light scattering. The applicability of this 
method to glycogen was strongly supported from the results of studies of 
glycogen samples and dextrins derived from these. Good agreement was 
secured in relative molecular weights calculated from enzymatic degrada- 
tion and from turbidity. | 

Appreciably greater degradation of glycogen resulted from exposure to 
hot KOH than to cold TCA, in our extraction procedures. Average molec- 
ular weights ranged from 11 to 80 X 10° for TCA-extracted glycogen and 
from 2 to 6 X 10° for KOH-extracted material. 

Fractionation of samples of liver glycogen-C™ revealed that somewhat 
higher specific activities were associated with fractions of lower molecular 
weight. In contrast to this, samples of muscle glycogen-C™ revealed, upon 
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fractionation, that those portions containing the larger molecules had the 
highest specific activities. 


It is concluded that glycogens of both liver and muscle are metabolically 


inhomogeneous with respect to molecular weight. Of the polydisperse gly- 
cogen population in liver, it is the smaller molecules that are somewhat 
more active metabolically, whereas in muscle it is the larger glycogen 
molecules that react most rapidly. 
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HUMAN ENDOGENOUS LIPEMIA CLEARING ACTIVITY 


STUDIES OF LIPOLYSIS AND EFFECTS OF INHIBITTORS* 


By HYMAN ENGELBERG 


(From the Division of Laboratories, Cedars of Lebanon Hospital, 
Los Angeles, California) 


(Received for publication, October 31, 1955) 


The mechanism of the clearing of postalimentary lipemia in animals and 
man is the object of intense study at the present time. In 1943 Hahn (1) 
first observed that there was a rapid clearing of visible fat from the blood 
when heparin is given in vivo. This results in the formation of an active 
substance which can act in vitro (2) and which has been called the heparin- 
active factor or the lipemia clearing factor. It was then demonstrated 
(3, 4) that fat “clearing” after the injection of heparin is the visible mani- 
festation of a rapid reduction in the concentration of the serum lipoproteins 
of low density. In the course of these transformations of lipoprotein fatty 
acids are liberated, indicating a lipolytic process which involves the split- 
ting of neutral fat (5-7). 

Evidence for the normal existence of such a mechanism in the blood 
without the injection of heparin has heretofore been indirect. The anti- 
heparin drugs, protamine sulfate and toluidine blue, increase the lipemia 
of rats (8) and dogs (9) and bring about an elevation of the serum lipopro- 
teins in rabbits (10) and rats (11), implying the neutralization of endoge- 
nous heparin and clearing factor. Endogenous clearing activity has only 
occasionally been seen in rats (4), in a few rabbits (12), in anaphylactic 
dogs (13), and transiently in rats after the absorption of olive oil (14). 
Nikkila (15) found trace amounts of clearing activity in a euglobulin pre- 
cipitate of pooled human sera. However, the concentration procedure it- 
self, involving the use of distilled water, hydrochloric acid, and pH changes, 
raises some doubt as to the mechanism of the fat clearing he observed, since 
physical factors may affect optical density. Recently, clearing of a sesame 
oil substrate upon incubation with plasma (rarely with serum) has been 
observed in some humans (16). The infrequent presence of clearing activ- 
ity in serum explains why it had not previously been demonstrated in 
human blood. Prior workers who investigated lipemia clearing without 
the injection of heparin had used serum rather than plasma. 

In the studies of human endogenous active factor, the existence of a 


* Supported by research grants No. H-1085 C2 and No. H-2164 from the National 
Heart Institute, National Institutes of Health, Public Health Service. 
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lipolytic process was not established since, with the exception of one case 
in which free fatty acid release from egg yolk lipoprotein was found (16), 
only changes in optical density were followed. ‘The release of free fatty 
acid or glycerol must be demonstrated to prove that the splitting of tri- 
glycerides has occurred. Palm et al. (17) have recently found slightly in- 
creased free fatty acid in serum of human subjects upon ingestion of oil, 
with a marked increase after the injection of heparin, and suggested that 
their results indicated the lipolysis of fats in the blood stream. The in- 
crease of free fatty acid in the blood, which they observed after oil intake, 
could have been the result of the intestinal splitting of neutral fat (18), 
with subsequent entry of part of the fatty acid into the thoracic duct and 
so to the blood. Thus, the existence of an endogenous lipolytic mechanism 
in the blood was not unequivocally shown by these workers (17). Observa- 
tions will be presented in this report which demonstrate that a lipolytic 
mechanism is present in the blood of some individuals without the prior 
injection of exogenous heparin. Studies of the effects of inhibitors upon 
this endogenous reaction indicate its identity with postheparin factor and 
its differentiation from pancreatic lipase. 


Methods 


For the past year the release of glycerol or of fatty acid upon incubation 
of normal plasma with fat substrates 7m vitro has been measured in this 
laboratory. At first glycerol was determined by using Korn’s (19) modifi- 
cation of the method of Lambert and Neish (20). Glycerol was released 
in minute amounts but, since diglycerides are not determined by the 
method, the measurement of fatty acid by the modification of Grossman 
et al. (21) of the method of Davis (22) was adopted. The procedure has 
been satisfactory, and duplicate determinations in our hands have had a 
maximal deviation from the mean of 0.05 m.eq. per liter, with most dupli- 
cate determinations differing by no more than 0.03 m.eq. per liter. 2 ml. 
of citrated lipemic plasma were incubated alone at 37° or mixed with 0.2 
ml. of 1 per cent coconut oil (Ediol) and incubated at 25°. In all studies 
an identical sample was analyzed before incubation as a control. Release 
of fatty acid was taken as the difference between the control and incubated 
samples. Blood was drawn in sterile syringes and placed in sterile tubes, 
and the plasma was immediately separated in the cold. All control fatty 
acid extractions were made within 1 hour after the blood was obtained, 
since we have corroborated the finding of Grossman et al. (21) that lipolysis 
occurs after the first few hours even when samples are refrigerated. _Lip- 
emia clearing activity of plasma aliquots with a sesame oil substrate was 
determined as previously outlined (16) by using a Coleman junior spectro- 


photometer. When inhibitors were used, the volume was constant in all 
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experiments with 0.2 ml. isotonic saline used in control runs and 0.2 ml. 
of the inhibitor when the effect of the latter was determined. However, 
when 1 m sodium chloride was evaluated, the control contained 1 ml. of 
plasma plus 1 ml. of isotonic saline, and the 1 M concentration of salt was 
obtained by using | ml. of plasma plus 1 ml. of 2 Mm NaCl. In the fatty 
acid studies, the incubation period was 24 hours in order to obtain the 
maximal fatty acid release, although the initial rate of lipolysis may be 
more indicative of the quantity of fat-splitting enzyme present than is the 
total amount of lipolysis. Since the amounts of free fatty acid to be de- 
termined were small, and since we were chiefly concerned at this time with 
the qualitative evaluation of the lipemia clearing factor, the 24 hour incu- 
bation period seemed most desirable. One further preliminary point 
should be mentioned. Since the white blood cells contain lipases, the pos- 
sibility existed that the endogenous clearing factor was due to the few re- 


TABLE I 
Free Fatty Acid Release after Various Incubation Times 
Incubation time 2 ml. lipemic plasma at 37° 2 mi. Noaes plone, + 0.2 ml. 
hrs. m.eq. per l. m.eq. per l. 
2 0.10 0.08 
4 0.61 0.38 
24 0.80 0.64 


maining cells in plasma. However, when cell-free plasma was used 
(19,000 X g for 15 minutes), there was no decrease in its clearing activity. 


Results 


Table I shows the release of fatty acid after 2, 4, and 24 hours incubation 
of 2 ml. of lipemic plasma, and of 2 ml. of lipemic plasma plus 0.2 ml. of 
1 per cent coconut oil. On several occasions 5 per cent bovine albumin 
was added to provide excess fatty acid acceptor. However, this did not 
result in marked enhancement of fatty acid release, and it has not been 
used routinely. 

Table II gives the results of parallel free fatty acid tributyrinase, and 
optical density studies of fasting, lipemic, and postheparin plasma samples 
taken in this sequence from the same individual on one morning. The 
incubation period was 2 hours and fatty acid release was determined by 
using only the plasma itself. In this case no increase in free fatty acid in 
postlipemic blood was found, perhaps due to the speed of exit from the 
blood stream, but the marked release after heparin is evident. After 2 
hours of incubation at 37° there was a release of 0.90 m.eq. per liter of 
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fatty acid due to the endogenous lipolytic mechanism and of 2.0 m.eq. per 
liter in the postheparin sample. (No quantitative relationship between 
these two values can be made, however, since part of the postheparin fatty 
acid release may have been the result of the endogenous factor, and, as 
the changes in optical density of the plasma indicate, the fat substrate 
available for lipolysis was already quite different 10 minutes after the in- 
jection of heparin.) Finally, in this patient tributyrinase activity was un- 
changed after a meal of fat but increased slightly after the heparin was 
given (in accord with the recent findings of Levy and Swank (24)). 


Il 


Studies of Free Fatty Acid and Optical Density Before and After Incubation, and 
of Serum Tributyrinase with Fasting, Lipemic, and Postheparin Plasma 
of One Individual on Same Morning 


Plasma __|Plasma optical 
Fatt d S 
| after 2hrs. | | density | tributyri 
trol at 700 at 700 mu 
m.eq. perl m.eq. per l units 
Fasting 0.8 Lost 0.06 0.055 125 
3 hrs. after 240 ml. cream 0.5 1.4 0.27 0.24 | - 125 
10 min. after 25 mg. intra- oe ee 4.7 0.06 0.045 135 
venous heparinf 


* Determined by method of Goldstein et al. (23). 
t Studies of clearing with sesame oil substrate showed that the postheparin plasma 
had 3 to 4 times as much clearing activity as the fasting or the preheparin lipemic 


plasmas. 


The lipolytic activity of serum was determined in five individuals at the 
same time that plasma aliquots were studied. Only one serum showed in- 
creased free fatty acid release after 2 hours incubation, but four of the 
plasma samples were active in varying degrees. The infrequent occurrence 
of fatty acid release on incubation of lipemic serum itself, or of serum plus 
coconut oil, also indicates that the lipolytic activity of aliquots of plasma 
under the same circumstances is not the result of any physical effect of 
time or temperature, and is not the result of bacterial contamination. 
Furthermore, bacterial action would not account for free fatty acid release 
in 2 hours. Citrated plasma was used in all these studies. Accordingly, 
citrate was added to serum to investigate the possibility that both the 
clearing and lipolytic activities of plasma were citrate effects. However, 
citrated serum had no activity. Since it was possible that serum contained 
a lipemia clearing activity inhibitor (25), the effect of serum added to active 
plasma was studied. In one individual with high lipide and lipoprotein 
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values, the presence of an inhibitor was demonstrated. However, similar 
inhibition was not observed in any other subjects. 

Table III shows the effect of various inhibitors upon release of free fatty 
acid from coconut oil by postheparin (25 mg. injected intravenously) hu- 
man plasma and pork pancreatic lipase.’ The latter was prepared for 
testing in a sodium barbital extract as previously described (3). [It is ap- 
parent from these results that deoxycholate (which must be prepared 
fresh weekly), | M sodium chloride, and tetraethyl pyrophosphate (TEPP) 


Tl 
KM ffect of Various Inhibitors upon Lipemia Clearing and Lipolytic Activity 
of Human Postheparin Plasma and Pork Pancreatic Lipase 


Decrease in | fatty acid 

Inhibitor density* at hrs. incubation 

700 mu | With per cent 

m.eq. per l. 
Postheparin plasma 0.33 1.83 
Pancreatic lipase 0.15 1.99 
Postheparin plasma 5% sodium deoxycholate 0.10 0.66 
Pancreatic lipase 0.30 2.50 
Postheparin plasma 1% protamine 0.21 1.24 
Pancreatic lipase 1% " 0.10 1.87 
Postheparin plasma 0.12% eserine 0.37 1.66 
Pancreatic lipase 0.12% * 0.10 1.94 
Postheparin plasma 1m NaCl 0.04 0.35 
Pancreatic lipase = 0.15 2.09 
Postheparin plasma 1 X 10°! mM TEPP 0 0 

Pancreatic lipase aA... 0.11 1.99 


* Determined by adding 1 ml. of plasma or 1 ml. of lipase to 0.1 ml. of 1 per cent 
sesame oil and incubating for 1 hour at 25°. Readings in Coleman junior spectro- 
photometer. 


are quite useful in distinguishing between the two substances since they 
strongly or completely inhibit the postheparin factor but not pancreatic 
lipase. Deoxycholate, as noted by many others, enhances the lipolytic 
action of pancreatic lipase. The 33 per cent inhibition of postheparin 
plasma by protamine is less than previously encountered and may have 
been due to the relative quantities of both materials. However, the effect 
of protamine on the endogenous lipolytic factor was more striking, as shown 
below. Thus far, quinine has not been of great value because of its tend- 
ency to form salts with heparin at certain concentrations (26). Table III 
also illustrates that optical density changes in | hour paralleled fatty acid 


1 Supplied by the Southern California Gland Company. 
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TaBLeE IV 
Lipolytic Activity of Postlipemic Plasma (No Heparin) | 
and Effect of Inhibitors Thereon : 
m.eq. per l. m.eq. per l. m.eq. per |. ‘ 
1 2 ml. plasma 0.97 1.24 0.27 
0.2 ml. isotonic NaCl 
2 2 ml. plasma 1.79 1.70 —0.08 t 
0.2 ml. 5% deoxycholate ’ 
3 2 ml. plasma 1.24 1.24 0 
0.2 ml. 1% protamine 
4 1 ml. plasma 0.79 1.05 0.26 
1 ‘ isotonic NaCl 
0.2 ml. 1% Ediol - 
5 1 ml. plasma 0.88 0.70 —0.18 
1 ‘ 2m NaCl 
0.2 ml. 1% Kdiol 


Patient M. E. 
* Incubation of lipemic plasma alone at 37°; with Ediol at 25°. 


TABLE V 


Lipolytic Activity of Plasma (No Heparin) on Coconut Oil Substrate 
at 26° and Effect of Inhibitors Thereon 


m.eq. per l. m.eq. per l. m.eq. per l. 
1 1 ml. plasma 0.47 0.89 0.42 ii 
1.2 ml. isotonic NaCl 
0.2 *“ 1% Ediol at 
2 1 ml. plasma 0.64 0.55 —0.09 
1 ‘* isotonic NaCl en 
0.2 ml. TEPP on 
0.2 1% Ediol 
3 1 ml. plasma 0.80 0.72 —0.08 - 
1.2 ml. 2m NaCl nit 
0.2 ‘* 1% Ediol on 
4 1 ml. plasma 0.75 0.58 —0.17 ter 
1 ‘* isotonic NaCl th 
0.2 ml. 1% Ediol 
0.2 ‘* 1% protamine 
5 1 ml. plasma 2.99 2.64 —0.35 
1 isotonic NaCl 
0.2 ml. 5% deoxycholate me 
0.2 ‘* 1% Ediol oer 


Patient G. V. int 
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release fairly well in the case of the postheparin enzyme, whereas with 
pancreatic lipase there was some divergence between the clearing and lipo- 
lytic responses. In the presence of deoxycholate plus pancreatic lipase 
there was an immediate marked clearing upon addition of the fat, and no 
subsequent change. We have found that this is a physical effect of bile 
salts on fat. This has been previously noted (24). 

Tables IV and V show the effect of inhibitors on free fatty acid release in 
two individuals (no heparin injected). It is evident that deoxycholate, 
TEPP, 1 m of NaCl, and protamine caused inhibition of lipolysis by the 


TABLE VI 


Endogenous Lipolytic Activity of Human Plasma in 
Nine Subjects and Effects of Inhibitors 


Free fatty acid release after 24 hrs. incubation* 
Subject Fatty substrate 
No. Control 5 per cent 1 ‘i 
( NaCl percent | 1 
inhibitor) protamine TEPP 
1 Lipemic plasma 0.42 —0.35 —0.08 —0.17 —0.09 
2 0.27 —0.08 —0.18 0 
3 0.20 —0.09 0.08 —0.17 
4 Plasma + Ediol 0.25 0.11 —0.09 0.10 
5 + 0.64 0.61 0 
6 0.16 0 0 
7 0.34 —0.07 —0.08 
8 = + * 0.47 0 


* Incubation of lipemic plasma alone at 37°; of plasma and coconut oil substrate 
at 25°. 


endogenous factor. The slight decrease in free fatty acid values after in- 
cubation in the presence of the inhibitors is real, as we have repeatedly 
noted similar results. Table VI summarizes the experimental findings in 
nine subjects with endogenous plasma lipolytic activity. In all, except in 
one instance in which deoxycholate failed to inhibit, the inhibition charac- 
teristics of demonstrable endogenously active plasma were identical with 
those of postheparin plasma. 


DISCUSSION 


These findings demonstrate the existence of an endogenous lipolytic 
mechanism in human blood plasma. Since the release of free fatty acids 
occurred in vitro, there can be no question of the entry of free fatty acid 
into the blood stream from the intestine or other tissues. Coconut oil, 
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sesame oil, or postalimentary chylomicra are excellent substrates for this 
“clearing” or lipolytic factor. Other substrates have not been investi- 
gated. 

The results of the present study which utilizes differential inhibitors indj- 
cate that this endogenous lipolytic factor is similar to or identical with 
that produced after the injection of heparin. The neutralization by pro- 
tamine indicates that heparin is probably one of its components. Hovw.- 
ever, proof must await definitive chemical or biologic identification of 
heparin in the isolated endogenous factor. 

Since optical clearing of fats can occur without lipolysis ((24) and Table 
III) and the formation of soaps can increase turbidity and so obscure con- 
tinued release of free fatty acid, the term lipemia clearing factor is mislead- 
ing. Korn has recently suggested a more accurate name, lipoprotein lipase, 
for this lipolytic factor, since he found that it would catalyze the hydroly. 
sis of triglycerides only when they were associated with protein (27).? He 
believed that lipoprotein lipase did not normally exist in significant quanti. 
ties in the blood (27) but waa present at the cellular level, and that upon 
the adminiatration of heparin there appeared to be an overflow of the 
lipane into the blood, The experiments described in the present paper 
demonatrate that lipoprotein lipase may be found in the blood atream in 
significant amounts in some individuals without the injection of heparin, 
In other subjects it has not been found. Its presence in tissue may indi- 
cate its formation at that site, or perhaps that it plays a rdéle in triglyceride 
hydrolysis in tissue as well as in the plasma. 

The literature in regard to the presence of other true lipases in the blood 
stream under normal conditions is contradictory. In large part this fact 
stems from the rather loose use of the term lipase when actually tributyrin 
esterase has been measured. It has been pointed out (28) that the ideal 
substrates for lipase are the glycerides of long chain fatty acids, whereas 
for esterase they are the esters of short chain carboxylic acids. The wide- 
spread use of tributyrin as a substrate has contributed to the confusion 
since it can be acted upon by esterase, by pancreatic lipase, and slightly 
by postheparin lipoprotein lipase (Table II and (13)). The majority of 
investigators (27-32) have not found true lipase in the blood stream pre- 
viously except under conditions of pancreatic obstruction or increased pan- 
creatic intraductal pressure. However, several workers have presented 
evidence of a small amount of a pancreatic-like lipase in the blood (33, 34). 
In this connection it is interesting that endogenous heparin lipoprotein 
lipase, when demonstrable, is found in plasma and is only infrequently 

In the studies presented in this paper at least 1 ml. of plasma was present, so 


that adequate protein was available to combine with coconut or sesame oil and to 
act as fatty acid acceptor. 
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present in serum. When, however, pancreatic lipase can be identified in 
the blood (under certain experimental conditions), it is found in equal 
amounts in serum and plasma (31). It is apparent that further investiga- 
tion is needed to establish clearly the presence or absence of pancreatic 
lipase in the blood under normal conditions in humans. In this study, 
evidence is given that free fatty acid release did not occur when endogenous 
heparin lipoprotein lipase was inhibited but this does not prove that other 
lipases are absent, since, if their functioning is dependent upon the prior 
action of the heparin factor, inhibition of the latter would mask their pres- 
ence. 


SUMMARY 


1. Endogenous lipolytic activity, as determined by the release of free 
fatty acids (FFA) or glycerol in vitro, has been demonstrated in the plasma 
of nine normal individuals without the prior injection of heparin. 

2. Inhibitor studies indicate that human endogenous lipemia clearing 
factor (lipoprotein lipase) is similar to or identical with postheparin clear. 
ing factor, 

[ts inhibition by protamine indicates that heparin is probably a com: 
ponent, 

4. These results afford further evidence of the physiological réle of this 
factor in lipoprotein transformations in the blood stream. 
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NON-STEROID OVARIAN HORMONES. FRACTIONATION 
OF RELAXIN-CONTAINING EXTRACTS ON 
OXIDIZED CELLULOSE AND DOWEX 50* 
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(Received for publication, February 17, 1956) 


The present status of research on relaxin is somewhat analogous to that 
on the pituitary hormones some 30 years ago. Although the complexity 
of the physiological responses to injections of pituitary extracts (or pitu- 
itary implants) was widely recognized, it was still a matter for speculation 
whether these responses were evoked by one, several, or many pituitary 
hormones. 

In recent years, relaxin-containing preparations from the ovaries of 
pregnant sows have been shown to cause a number of effects other than 
relaxation of the pubic ligaments of the guinea pig. ‘These include sym- 
physeal relaxation in the estrogen-treated mouse (1), inhibition of the 
formation of deciduomata in rats and mice (2) but not in guinea pigs (3), 
the stimulation, independently of estrogen, of certain metabolic phenomena 
in guines pig aymphyseal connective tissue (4), and the inhibition of spon- 
taneous uterine motility in guinea pigs (5), rats (6), and mice (6), The 
diversity of the effects which can be evoked by relaxin-containing extracts 
makes the problem of its further purification and characterization par- 
ticularly important, since, as with pituitary preparations in the past, the 
question of possible corresponding chemical complexity is thereby raised. 

During the past 2 years, we have studied the behavior of relaxin when 
treated with several adsorbents and ion exchange materials. The materi- 
als used included such diverse substances as Magnesol, activated alumina, 
Norit, Amberlite IRC-50, oxidized cellulose, and Dowex 50. The last 
two have proved especially useful for the fractionation of relaxin, and the 
results of experiments with these agents are reported here in detail. In 
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address, Department of Physiology, Yale University School of Medicine, New Haven, 
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addition to estimates of their relaxin content, many of the fractions which 
were obtained have been assayed for uterine-relaxing factor activity on rat 
uteri in vitro and upon guinea pig uteri in vivo. 


EXPERIMENTAL 


Materials and Methods: Relaxin Preparations—Relaxin concentrates 
were prepared from acetone-dried powder of ovaries of pregnant sows)! 
The powder was blended with 15 volumes of 5 per cent NaCl and stirred 
24 hours at room temperature or below. From this point the procedure 
was that of the method previously described (7). Each kilo of starting 
material afforded 10 to 11 gm. of product assaying 30 to 50 guinea pig units 
(cf. (7)) per mg., compared to 1 guinea pig unit per mg. of acetone-dried 
powder. 

Adsorbents—Oxidized cellulose (Oxycel, 10 per cent carboxyl) was ob- 
tained through the generosity of the Tennessee Eastman Corporation, 
Kingsport, Tennessee. Before use, it was suspended several times in dilute 
HCl, washed thoroughly, and dried in air. Dowex 50, 200-400 mesh, 
8 per cent cross-linked, was obtained from the Microchemical Specialties 
Company, Berkeley, California. ‘The resin was treated according to the 
procedure described by Hirs, Moore, and Stein (8). After its final washing, 
it was converted to the ammonium salt by treatment with dilute ammonia, 
followed by ammonium formate or ammonium acetate buffers of appropri- 
ate pH and ionic strength. 

Protein Concentrations and Bioassays —‘Vhe concentration of protein was 
measured by drying samples to constant weight or was estimated from the 
absorplion ab 275 

Assays of relaxin activity were performed on groupm of exght to 12 
eclomised guinea paige which had recemved of estradiol daily for 4 daya 
preceding the day of assay. In view of recent observations (9) that the 
sensitivity of guinea pigs to relaxin declines significantly within a few 
months after the first test dose, activities of fractions resulting from each 
experiment were compared with that of the original samples, and results 
are expressed as percentage recoveries rather than in terms of specific ac- 
tivity. 

Assays of uterine-relaxing factor (cf. (5)) were run with guinea pigs by 
Mr. H. H. Bryant of the research laboratory of Hynson, Westcott, and 
Dunning, Inc., Baltimore, Maryland, using the technique described by 
Krantz, Bryant, and Carr (10). The ability of some preparations to in- 


1 We are indebted to the Armour Laboratories for providing an ample supply of 
the acetone-dried powder. 

2 The ultraviolet absorption spectrum of preparations of relaxin is atypical in 
that it is characterized by a broad, nearly flat maximum between 270 and 275 my. 
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hibit spontaneous contractions of rat uteri 7m vitro was determined as de- 
scribed previously (6). 

Results with Oxidized Cellulose—Solutions of relaxin (20 to 30 mg. per 
ml. in water, pH 7.8) were stirred 2 to 24 hours with Oxycel (1 gm. per gm. 
of relaxin) and filtered. The filtrate, which contains 60 to 70 per cent of 
the original ultraviolet light-absorbing material, is inactive. A further 
variable amount (5 to 25 per cent) of inactive material may be removed 
by washing the filter cake with either 1 N acetic acid or 0.01 n HCl, while 
the bulk of the relaxin activity, together with 25 to 30 per cent of the total 


TABLE I 
Fractionation of Relaxin Concentrates upon Oxidized Cellulose 
Per cent recoveries 
Experiment | Relaxin — Filtrate HOAc eluate HCl eluate 
No. used guinea pig 
units per mg. 
Relaxin |Protein Protein| Relaxint relaxing 
actor 
mg. 
30 65 1.0 § | 100 (3) 
2 217 65 47 1 3 40 100 (2.5) 
3 1,000 65 53 27 3l 50 (1.7) | 665] 
4 10,000 20 60 9.4 26 60 (2.3) | 804 
5 $, 100 50 59 4.7 29 60 (2.1) 


* xcept where indicated, estimated from dry weight, 

{ The figures in parentheses indicate purification achieved (e.g, S-fold), 
from ultraviolet absorption at 270 

§ The WOAG washing was omitted, 

|| Assayea on the guinea pig in arly 

Assaya on the isolated rat uteriua, 


protein, ia removed by elution with to TCL ‘Table summarizes 
the results of several experiments with different amounts of relaxin, 

Recoveries of relaxin activity have averaged about 60 per cent; the ap- 
parent, purification achieved is 2- to 3-fold. If the ratio by weight of Oxycel 
to protein applied is lower than 1, adsorption of activity is incomplete. 
Relaxin is not removed from Oxycel by 0.01 mM HCI, and attempts at further 
resolution by elution of relaxin from a column of Oxycel with gradually 
increasing HC] concentrations offered no improvement. 

Results with Dowex 50 Chromatograms—Fig. 1 shows the results which 
were obtained when 33 mg. of relaxin were applied to a column of Dowex 
\0, 1.9 em. in diameter and 7.2 cm. high. The resin was equilibrated 
with ammonium formate buffer, pH 3.1, !'/2 = 0.2, where the ionic strength 
corresponds to the molarity of NH,*, and the sample was adjusted to pH 
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3.1 before its addition to the column. Successive fractions were eluted by 
ammonium formate buffers, [/2 = 0.2, pH 3.1, 4.1, and 4.8, and by am. 
monium acetate, pH 5.8 and 7.8, of the same ionic strength. The total 
recovery of protein from such columns ranges from 90 to 100 per cent, 
most of which (83 to 92 per cent) appears almost immediately after the 
addition of the sample. The remaining 7 to 8 per cent of protein recovered 
is distributed among subsequent fractions as illustrated in Fig. 1. The 
fraction appearing below pH 4 is essentially devoid of relaxin activity, and 
contains less than 3 per cent of the total. If the column is equilibrated at 


PROTEIN,% 880 3. 30 32 
DOWEX-50 


19x72 cm. 
33mg. RELAXIN 100-1! 


(270m 


OPTICAL 


] 
% 100 200 300 400 500 
EFFLUENT VOLUME (ML) 
t——pH 31 |\—pH48—+— pH 5.8—1-pH78 


Fig, 1. Chromatogram of relaxin (65 guinea pig units per mg.) on Dowex §, 
19% 7.2m. Recovery of protein and activity (as per cent of total added) is indi- 
cated for each peak at the top of the figure, 


pli 4.1 and the sample added at this pH, from 15 to 25 per cent of the ae 
livily Obtamed in the first eluate, “Phe largest part of recoy 
ered relaxin appeara im the fraction at pil 5.8 and represents from 25 to 
HO per cent of the total added, ‘The eritieal pH for elution of active in 
terial from columns of the kind ilustrated in Fig. 1 appears to be around 
pH 5.5; buffers of pH 5.0 give inactive eluates, whereas the results with 
buffers of pH 5.6 are indistinguishable from those at higher pH. 
Attempts to improve resolution further by using longer columns led to 
the observation that column length was of critical importance for significant 
recovery of activity. When 50 mg. of protein were added to a Dowex 50 
column 23 em. in length and of the same diameter as in the experiment of 
Fig. 1, only half was recovered in all the four fractions. Furthermore, 
less than 5 per cent of the original activity was found in the fraction of pH 
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6; nor was significant activity recovered in any of the others. It was con- 
cluded from these experiments that 20 to 30 mg. quantities of relaxin (30 
to 50 guinea pig units per mg.) could be purified by chromatography on 
columns of Dowex 50 2 cm. in diameter and not exceeding 8 to 9 cm. in 
length. Yields of active material ranged up to 50 per cent, representing 
10- to 15-fold increases in specific activity. 

For the isolation of larger quantities of purified relaxin, a column 9.6 
em. in diameter was constructed. This was filled with ammonium Dowex 
50 to a height of 6.5 cm. The settled resin was covered with a circle of 
filter paper, and a thin, flat disc of perforated polyethylene was floated on 
the surface of the overlying solvent to minimize disturbances to the column 


RELAXIN 4 10 5-25 <4 
PROTEIN) 718 30 30 34 29 23 
2: 
{ DOWE X- 50 
9.6 x6.3 cm. 
$1 LOO gm. RELAXIN MN-4 


DENSITY, (2 


gor 
CF FLUE NT VOLUME 
4.5—+-pH 55 —+-pH6.0—t—pH 70—t-pH 70, IM 


Fia, 2. Chromatogram of relaxin (50 guinea pig units per mg.) on Dowex 50. Re- 
coveries of protein and activity indicated at the top of the figure, 


bed by the incoming liquid, ‘The column was equilibrated with ammonium 
wetate buffer, pli 4.5, ionic strength 0.2, before the relaxin sample (in the 
mine buffer) was added, 

Mig. 2 representa the resulta obtamed with gm, of relaxin, Tt may be 
obaerved that moat of the protem ia recovered at pil 4.5, with amall amounts 
appearing soon after each buffer change. In typical experimenta, the ma- 
terial recovered totaled 80 to 85 per cent of that added, somewhat leas than 
was recovered from 2 em, columns. Fig. 3 also includes data on the distri- 
bution of relaxin activity among the several protein peaks. In contrast to 
our experience with smaller columns, large scale chromatography gave less 
complete and more variable resolution. It seems likely that this is due to 
the drastic change in the ratio of diameter to length. 

The fact that none of the peaks eluted between pH 4.5 and 7.0 appeared 
to be especially rich in relaxin indicated that increasing the pH by small 
increments was of little value. It has, in fact, been found that the purpose 
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of fractionation of concentrates of relaxin is served most successfully by 
operation of the large scale column in the manner depicted by Fig. 3, 
After the appearance of the largest part of the inactive protein at pH 4.5, 
the column is eluted with pH 7.0, 0.2 m ammonium acetate, followed by 
1.0 m buffer at pH 7.0. The second peak contains 5 to 7 per cent of the 
total protein added, together with 30 to 50 per cent of the original relaxin 
activity. The last fraction, with 1 to 2.5 per cent of the protein, has in 
some instances been found to exhibit slight relaxin activity.? Although 


RELAXIN,% — 45 <10 
PROTEIN,% 601 55 12 
2) | | DOWEX-50 

9.6x6.3 cm. 

5 OBigm RELAXIN MN-4 

2) 

za 

a 

| 

le 


EFFLUENT VOLUME (ML.x107*) 


Fic. 3. Chromatogram of relaxin (50 guinea pig units per mg.) on Dowex 50. Re- 
coveries of protein and biological activity indicated at the top of the figure. 


the purification achieved in these experiments was not as great as in experi- 
ments with smaller columns, it was nonetheless substantial, being of the 
order of 6- to 8-fold. 

Capacity and Flow Rate—Experiments in which the amount of relaxin 
fractionated was varied indicated that the capacity of the resin was about 
175 guinea pig unita per ml, (1.3 gm. of a preparation which assayed 
guinea pig units per mg. for a column of settled resin 9.6 em, in diameter 


* Relaxin may alno be eluted from Dowex 50 by increasing the ionic strength while 
keeping the pH constant at 4.5. The yields, however, appear to be somewhat poorer, 
and the specific activity of the product ia definitely lower than that obtained by the 
procedure described in the text. 
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and 6.5 cm. high); when greater quantities were used, relaxin appeared in 
the filtrate at pH 4.5. This limitation appears to be a function. of the total 
amount of relaxin present rather than the quantity of accompanying inert 
protein, since the capacity of the column described above was also con- 
siderably exceeded when 1 gm. of an Oxycel-purified preparation, which 
assayed 80 to 100 guinea pig units per mg., was used. No significant 
difference in performance could be observed when the flow rate was varied 
between 0.4 and 4.0 ml. per sq. cm. of cross section. It was thus possible 
to complete the sequence of operations from addition of the sample to elu- 
tion with 1.0 M ammonium acetate, pH 7.0, within a working day.‘ 
Separation of Myometrial-Inhibiting Factor from Relaxin—When relaxin 
is purified by treatment with oxidized cellulose, the bulk of the uterine- 


TABLE II 
Assay Data of Relaxin and Uterine-Relazing Factor 
Per cent of Per cent 
r : 
Buffer total of original ‘uterine- uterine- 
‘ protein relaxin relaxing re 
factor factor ratio 
Original 100 805 100 100 1 
sample 
1 pH 4.5, ©'/2 = 0.20 60.1 600 50 <0.2 
2 ‘¢ 7.0, T/2 = 0.20 5.5 48 35-50 10 4-5 
3 “ 7.0, T/2 = 1.00 1.2 14.2 10 55 0.2 


relaxing factor activity appears, together with most of the relaxin, in the 
fraction eluted with 0.1 N HCl. The ratio of relaxin to uterine-relaxing 
factor in this fraction remains substantially the same as that of the starting 
material. ‘This is true whether the uterine-relaxing factor assay is per- 
formed on the isolated rat uterus or on the guinea pig uterus in situ (cf, 
Table I). 

Each of the fractions eluted from small Dowex 50 columns at pH 6 and 
below contained appreciable uterine-relaxing factor activity, as judged by 
assays on isolated rat uteri. Thus, when 30 mg. of relaxin were applied 
oa Dowex 50 column 1.9 cm, in diameter and 6.5 cm, long, the fractions 
uted at pH 4.1, 5.0, and 6.0 were approximately equal in uterine-relaxing 
factor content, ‘The relative relaxin contents of the three fractions were 


‘After collection of the 1.0 m, pIl 7.0, fraction, the column may be equilibrated 
overnight with 0.2 m buffer, pH 4.5, and ia then ready for another run, A ningle 
column of Dowex 50 has been used for more than twenty runs with no apparent dimi- 
nution in its effectiveness. After every fourth or fifth run, the column was washed 
successively with 2 m HCI, H,O, and 2 m NH,OH before equilibration at pH 4.5. 
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1:0:3. It would appear that some separation of relaxin and the myo- 
metrial-inhibiting factors may be achieved in experiments of this kind. 

Clearer evidence for the separate nature of relaxin and uterine-relaxing 
factor was obtained when effluents from large Dowex 50 columns were 
assayed on the guinea pig uterus in situ. In Table II, assay data of relaxin 
and uterine-relaxing factor for fractions of the chromatogram of Fig. 3 
are summarized. 

Table II indicates that, although none of the fractions recovered from 
the column were free of uterine-relaxing factor, the first and third were 
especially active. The ratio of relaxin to uterine-relaxing factor was in- 
creased 4- to 5-fold in Fraction 2 and decreased to one-fifth in Fraction 3. 
Per mg. of dry weight, Fraction 3 was some 30 times more concentrated in 
uterine-relaxing factor than was the original relaxin sample. 


DISCUSSION 


The behavior of relaxin when treated with oxidized cellulose stands in 
marked contrast, especially with respect to capacity and pH-dependence, 
to its behavior on Dowex 50 columns. The data suggest that there isa 
qualitative difference in the mechanisms of interaction of relaxin with these 
two agents, possibly reflecting different relative contributions of ion ex- 
change and non-specific adsorptive processes.® 

Lehrman, Ramstad, and Zarrow (11) have reported that relaxin is not 
adsorbed by columns of either Amberlite IRA-400 (an anionic resin) or 
IR-120 (a cationic resin) and concluded that it cannot, therefore, contain 
free acidic or basic groups. This conclusion is incompatible with the re- 
sults of our experiments with oxidized cellulose, as well as with previous 


5’ The sample of Dowex 50 used for the experiments described above was bought in 
the spring of 1953. Another sample of Dowex 50-X8, 200 to 400 mesh, purchased a 
year or so later, was found to behave quite differently. We have recently tested 
four samples of Dowex 50-X8 of different particle sizes, provided through the courtesy 
of the Dow Chemical Company, with the following results: With material of mesh 
size 200 or smaller (200 to 400 mesh; ‘‘minus-400”’ mesh), less than 50 per cent of the 
protein appeared in the 0.2 m filtrate, pH 4.5, while the proportion appearing in the 
second 0.2 m, pH 7.0, fraction increased to 15 to 25 per cent. Recovery of relaxin 
activity in the latter fraction was very low (about 10 per cent). With 100 to 200 
mesh resin, about 65 per cent of the protein was recovered in the first and 8 to 12 per 
cent in the second fraction; recovery of activity was likewise low in this experiment, 
With 50 to 100 mesh Dowex 50, the results, with respect to both protein recovery and 
relaxin yield were nearly the same as those described in the text, To fractionate 
relaxin preparations successfully with currently available lots of Dowex 50, there: 
fore, it in necenmary to nubstitute 50 to 100 mesh material for the finer grade whieh 
wan originally used, The precaution should probably be taken of tenting each bateh 
on amall columna to determine ita auitability. No reason in immediately apparent 
for the difference in properties of the two lota of 200 to 400 mesh resin, It in posible 
that porosity differences might be reaponsible. 
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work (12), which suggests that both free carboxy] and free guanidino groups 
are required for relaxin activity. 

The low recoveries of relaxin activity from Dowex 50 columns deserve 
some consideration. Three possible explanations present themselves: (1) 
inactivation of relaxin by Dowex 50; (2) irreversible adsorption of part of 
the relaxin on the column; (3) apparent loss of relaxin activity because of 
alteration of its pharmacological properties. Inactivation does not appear 
to be a factor since the apparent loss was the same whether the period of 
contact was 8 or 40 hours. If relaxin were irreversibly adsorbed, it might 
be expected that the yields would gradually increase as the resin became 
saturated; no such increase has been observed. 

The most reasonable explanation is that separation of relaxin from some 
of the protein impurities which accompanied it through the isolation pro- 
cedure alters its properties so that it disappears more rapidly from the 
tissues after injection. Such alterations might result in significant ap- 
parent activity losses. Kliman and Greep (13) have shown, for example, 
that partially purified relaxin preparations, relatively ineffective in the 
mouse when injected in saline solution, are 50 or more times as effective 
when administered in a vehicle which delays absorption. Relaxin assays 
in the mouse require 24 hours as compared to 6 hours for the guinea pig. 
Hence, the effect of changes in absorption rate would be expected to be 
much larger when the mouse, rather than the guinea pig, is used as a test 
animal. 

The hypothesis outlined above is supported by the fact that the recovery 
of uterine-relaxing factor from the column appears to be essentially quanti- 
tative. It will be recalled that the uterine-relaxing factor assay requires 
but a few minutes for its completion. 

Attempts to restore full activity by combining active (pH 7.0, 0.2 m) 
fractions with the (inactive) 0.2 m fraction, pH 4.5, were unsuccessful. 
If separation of relaxin and “carrier” protein is responsible for the seeming 
reduction in activity, the dissociation does not appear to be readily re- 
versible. 

Our results indicate that it is possible to separate the major fraction of 
ovarian extracts containing uterine-relaxing factor from the principal re- 
laxin-containing component (Table IT). The exact relationship between 
them is still obscure, however, since the uterine-relaxing factor activity of 
the relaxin-rich fraction is still substantially higher than that of the starting 
material, ft has been known for some time (5) that relaxin-poor preparna- 
lions idolated from ovaries of non-pregnant sows possess considerable uter- 
Ine-relaxing factor activity in the guinea pig, Tt is clear that there exiats 
at least one substance which possesses uterine-relaxing activity but which 
is devoid of relaxin activity; whether relaxin will ultimately be found to 
possess intrinsic uterine-relaxing factor activity must await further study. 
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SUMMARY 


Conditions for the fractionation of relaxin-containing ovarian extracts 
on oxidized cellulose and Dowex 50 are described. Relaxin is recovered 
from oxidized cellulose in about 60 per cent yield, and the preparation js 
2 to 3 times as active as the original material. Yields from Dowex 50 
columns have ranged from 30 to 50 per cent; a 6- to 8-fold purification jg 
achieved. 

No separation of relaxin and the uterine-relaxing factor is achieved with 
oxidized cellulose, but from columns of Dowex 50 a fraction 25 to 30 times 
as active as the initial preparation, and relatively low in relaxin activity, 
has been isolated. However, the major relaxin-containing fraction from 
these columns retains substantial uterine-relaxing factor activity. 
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CHEMICAL DERIVATIVES OF CHYMOTRYPSINOGEN 
I. REACTION WITH CARBON DISULFIDE* 


By CHARLES H. CHERVENKA?{ anp PHILIP E. WILCOX 


(From the Department of Biochemistry, University of 
Washington, Seattle, Washington) 


(Received for publication, January 20, 1956) 


The preparation of chemical derivatives of a protein may aid greatly in 
the elucidation of structure and biological activity. Several excellent re- 
views on chemical reagents for proteins may be found in the literature 
(1-3). One desirable characteristic of a substitution reaction is reversibil- 
ity. This first paper of the series deals with the reaction of a reversible re- 
agent, carbon disulfide, with chymotrypsinogen. This protein is available 
in high purity and attracts considerable current interest. The following 
paper deals with the reaction between O-methylisourea and chymotryp- 
sinogen. 

Carbon disulfide was suggested for the preparation of protein derivatives 
by the work of Léonis and Levy (4) on the determination of N-terminal 
residues of peptides. The free a-amino group was reacted with carbon 
disulfide at pH 7.5 to form a dithiocarbamate derivative. Acidification 
led to the separation of the terminal amino acid as the 2-thio-5-thiazolidone. 
However, with the few proteins which were examined, acidification ap- 
peared to reverse the synthetic reaction almost quantitatively. 


R’—NH—CO—RCH—NH—CSS- + 2H*+ R’—NH—CO—RCH—NH;* + CS, 


Pertinent information about the specificity of carbon disulfide for the 
functional groups of the natural amino acids has come from studies by 
Léonis (5). The free imino groups of proline and of hydroxyproline and 
the sulfhydryl, a-amino, and e-amino groups of amino acids were found to 
react quantitatively under mild conditions of temperature and pH. No 
other groups were reactive. 

a-Chymotrypsinogen from beef pancreas may be obtained as a homoge- 
neous protein according to the criteria of sedimentation (6), electrophoresis 
(7), solubility (8), and ion exchange chromatography (9). The molecular 
weight, as determined by a variety of physical and chemical methods,!? 


* This work has been supported by a grant from the Initiative 171 Research Fund 
of the State of Washington. 

t Present address, Research and Development Laboratory, Reichhold Chemicals, 
Ine., Seattle, Washington. 

‘Private communication from Dr, John C. Kendrew, Cambridge, England, on a 
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lies close to 25,000. Amino acid analyses by ion exchange of acid hydrol- 
ysates? have given the following results of present interest, expressed as 
residues per mole: lysine, 13.1; histidine, 2.1; arginine, 4.0; and tyrosine, 
4.0. It has not been possible to demonstrate a free sulfhydryl group in 
chymotrypsinogen. Recently, Bettelheim (10) has found evidence for | 
N-terminal half cystine residue in this protein. 


EXPERIMENTAL 
Materials 


Chymotrypsinogen was purchased from the Worthington Biochemical 
Corporation, Freehold, New Jersey, as the once crystallized filter cake. 
The material was recrystallized four to six times by the procedure of 
Northrop and Kunitz (8), dialyzed thoroughly against 0.001 m hydrochloric 
acid, and lyophilized. This product was electrophoretically homogeneous 
(pH 4.98, acetate buffer), but retained traces of chymotrypsin. When 
used in solution under conditions which were favorable to proteolytic ac- 
tivity, diisopropyl phosphofluoridate was added in 50 times molar excess 
over the amount of chymotrypsin in order to inhibit this activity com- 
pletely. 

Ditsopropyl phosphofluoridate was obtained from Mr. Edward S$. Gilfillan, 
Jr., Manchester-by-the-Sea, Massachusetts. A stock solution, 1 m phos- 
phofluoridate in isopropanol, was prepared and stored at 0°. 

Carbon disulfide (reagent grade) was obtained from Merck and Company, 
Inc. This material conforms to A. C. S. standards, with a boiling range 
of 0.5°. 

All other chemicals were purchased commercially and were either c.p. or 


reagent grade. 
Methods and Results 


The reaction between carbon disulfide and an amine takes place as fol- 
lows: 


| 
R—NH, + CS, — R—NH—C—S + Ht 
Only the uncharged form of the amine reacts (4). Since the pK of the 


crystallographic study of chymotrypsinogen by x-ray diffraction (manuscript in 
preparation). 

2 From studies on the molecular weight of chymotrypsinogen as determined by 
sedimentation-diffusion, light scattering, and amino acid analyses by ion exchange 
chromatography (manuscript in preparation by Roger D. Wade, Joseph Kraut, 
Philip E. Wilcox, and Hans Neurath). 
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dithiocarbamic acid is approximately 3.5, the product of the reaction is 
ionized at neutral or alkaline pH. 

Normally, the amounts of oxygen dissolved in dilute solutions of dithio- 
carbamates are sufficient to cause an appreciable loss of material through 
oxidation (4). Consequently, it was necessary to protect all solutions of 
dithiocarbamates from oxygen as much as possible, though it was not 
practicable to maintain absolute anaerobic conditions. Procedures used 
routinely to exclude oxygen include the following: water used for all solu- 
tions was boiled, then stored and dispensed under an atmosphere of nitro- 
gen (purified over hot copper); the spaces above solutions in flasks and 
bottles were thoroughly flushed out with nitrogen, and vessels were kept 
tightly stoppered; and when new solutions were made up, nitrogen was 
bubbled through them for 20 to 30 minutes. 

Model Compounds—For comparative purposes two dithiocarbamate de- 
rivatives of amino acids were prepared and purified. The procedure of 
Levy (11) was used. For the a-amino acid, alanine was chosen and the 
derivative barium N-dithiocarboxyalanine was synthesized (found 44.9 per 
cent Ba, 4.75 per cent N; calculated for Cs,H;O2NS.Ba, 45.8 per cent Ba, 
4.66 per cent N). From e-aminocaproic acid, the derivative barium N-di- 
thiocarboxy-e-aminocaproate was prepared (found 40.9 per cent Ba, 4.19 
per cent N; calculated for C7H1O2NS2Ba, 40.2 per cent Ba, 4.09 per cent 
N). The synthesis of this latter compound has not been reported previ- 
ously in the literature. 

Determination of Dithiocarbamate Groups—Two methods have been de- 
veloped for the quantitative estimation of the extent of reaction of carbon 
disulfide with chymotrypsinogen. 

Method I—The acid decomposition of dithiocarbamates followed by 
colorimetric determination of the liberated carbon disulfide has been used 
by Lowen (12) as a method of assay for these compounds. We have de- 
veloped a similar method for protein dithiocarbamates. For this purpose, 
a vessel is used which allows the decomposition of the dithiocarbamate and 
the colorimetric reaction to take place in the same container, with no trans- 
fers required. 

The apparatus is shown in Fig. 1; it is the same vessel developed by Han- 
ahan’ for the wet oxidation of organic compounds. In Bulb A is placed the 
sample solution of dithiocarbamate to be analyzed (about 1 umole equiva- 
lent of carbon disulfide), and 3.0 ml. of 1 m citrate buffer, pH 2.0, are pi- 
petted into Bulb B. In Bulb C are placed 3.0 ml. of dimethylamine solu- 
tion (3 gm. of dimethylamine hydrochloride dissolved in 1 liter of 0.02 m 
hydrochloric acid), 1.0 ml. of ammoniacal copper sulfate solution (0.25 gm. 
of copper sulfate in 50 ml. of 50 per cent ammonium hydroxide), and 10.0 


*Private communication from Dr. D. J. Hanahan. 
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ml. of chloroform. The assembled apparatus is evacuated quickly by water 
aspirator, the stopcock is closed, and the contents of Bulb B are tipped into 
Bulb A. The apparatus is placed on a mechanical shaker so that Bulb A 
is immersed in a water bath at 70° and shaken for 13 hours. 

During this time the liberated carbon disulfide distills into Bulb C where 
it reacts to form the yellow covalent complex, cupric dimethyldithiocar. 
bamate, in the chloroform layer. The chloroform layer is separated, dried 
over anhydrous sodium sulfate, and used directly in the Beckman model B 
spectrophotometer to obtain an optical density value at 425 my. This 
optical density is compared to those obtained for chloroform solutions which 
contain known amounts of carbon disulfide and to which have been added 
dimethylamine and cupric ion. The optical density varies directly with 
the amount of carbon disulfide present; the molar extinction coefficient for 
the colored complex is 6.0 X 10°. Control experiments with chloroform 
solutions of the complex showed that loss of chloroform during the evacua- 
tion is negligible. ‘The analytical procedure is standardized by the use of 
solutions of analytically pure dithiocarbamates of known concentration. 
With standard solutions of barium N-dithiocarboxyalanine and barium 
N-dithiocarboxy-e-aminocaproate, reproducible values of 90 per cent of the 
theoretical amount of carbon disulfide are obtained. Since variation of the 
conditions of the analysis and repeated recrystallization of the dithiocar- 
boxyamino acids do not increase the amount of carbon disulfide, we con- 
clude that the values for the carbon disulfide content of unknown samples 
of dithiocarbamates should be corrected for this 90 per cent recovery. For 
a series of determinations the average deviation from the mean is 2 per cent. 

Since inclusion of protein in Bulb A with the solution of dithiocarbamate 
does not change the yield of carbon disulfide obtained in the analysis, we 
are confident that the procedure is applicable to carbon disulfide derivatives 
of chymotrypsinogen. 


Method II—Solutions of the carbon disulfide derivatives of amino acids 
exhibit characteristic absorption in the ultraviolet, as shown in Fig. 2. For | 


barium N-dithiocarboxy-e-aminocaproate the principal absorption maxi- 


mum is at 283 mu (e = 1.35 X 10‘), while for barium N-dithiocarboxyala- | 


nine the maximum is at 286 my (e = 1.28 X 104). 


F As would be anticipated, the ultraviolet absorption of chymotrypsinogen | 
increases as the protein is substituted by reaction with carbon disulfide. | 
Thus the extent of substitution can be determined from the increase in op- | 
tical density at 284 mu, the absorption maximum for carbon disulfide de- 5 
rivatives of chymotrypsinogen. A molar extinction coefficient for the pro- > 
tein dithiocarbamate group was calculated from measurements on solutions 7 
of protein which was substituted to the extent of about one group per mole- | 
cule, as determined precisely by Method I. At 284 my this extinction) 
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coefficient was found to be the same as that for barium N-dithiocarboxy- 
alanine, 1.28 X 10‘. The secondary absorption maximum of the dithio- 
carbamates at 255 my is not used for the determination of the change in 
optical density because of the greater possibility of interference from ultra- 
violet absorption by the buffers which are used in this method. 

The procedure is as follows: A solution of the protein derivative at a 
concentration of about 1 X 10-‘mis prepared. A 1.0 ml. sample is diluted 
to 10.0 ml. and the optical density is determined at 284 mu. Another 1.0 
ml. sample is added to 3 ml. of 1 m citrate buffer, pH 3.0. After several 


220 240 260 280 300 
A B c WAVELENGTH IN MILLIMICRONS 
Fia. 1 2 


Fig. 1. Apparatus for the colorimetric determination of carbon disulfide. 

Fig. 2. Ultraviolet absorption of carbon disulfide derivatives of amino acids and 
of the dithiocarbamate group of ‘‘CS.-chymotrypsinogen’”’: barium N-dithiocar- 
boxyalanine, dashes; barium N-dithiocarboxy-e-aminocaproate, solid line; dashes 
and dots, difference between ‘‘CS.-chymotrypsinogen”’ and chymotrypsinogen. 


hours at room temperature the buffer solution is diluted to 10.0 ml. and the 
optical density is determined at 282 and 284 muy, by using a solution of 
citrate buffer of the same concentration in the reference cell of the spectro- 
photometer to correct for the absorption of the citrate. From the density 
at 282 mu, the protein concentration is calculated as usual, and, from the 
difference between the optical densities of the two samples at 284 my, the 
concentration of dithiocarbamate groups is estimated. 

Chymotrypsinogen Concentration Determinations—For those solutions of 
protein which contain no other substances absorbing in the 280 muy region 
of the ultraviolet, concentrations are routinely determined from optical 
density measurements at 282 mu. This is the wave length of maximal 
absorption, for which the molar extinction coefficient is 5.00 X 10‘ (mol. 
wt. 25,000) based on salt-free dry weight determinations. 


1.60 
140 
or ra \ \ 
/ 
100 / \ \ 
> 
of 080 Vil hy 
0.60 \ / \ 
m \/ 
he 040 
he 0.20 "i 
S 
| 
les 
or 
| t. 
ate 
we | 
7eS 
ids | 
or 
la- 
yen 
de. 
Op- 
de- | 
Ons 
ion 


626 DERIVATIVES OF CHYMOTRYPSINOGEN. 1 


Extent of Reaction of Carbon Disulfide with Chymotrypsinogen—The first 
reactions of carbon disulfide with chymotrypsinogen were designed to sub- 
stitute all amino groups of the protein. In these experiments, the reaction 
mixtures contained 10 to 15 per cent dioxane to increase the solubility and 
activity of carbon disulfide. Later it became apparent that the low con- 
centration of carbon disulfide in water solutions was not primarily responsi- 
ble for the slow reaction rate, and therefore dioxane was no longer used. 
Low temperatures were maintained to prevent denaturation of the protein. 

For a 12 per cent solution of chymotrypsinogen in 10 per cent dioxane 
saturated with carbon disulfide at pH 10.3 at 5°, the reaction was incomplete 
after 6 days. In another experiment with increased concentrations of pro- 
tein and dioxane, only ten or eleven dithiocarbamate groups (of a theoretical 
fourteen) were found after 7 days. Additional difficulties were encoun- 
tered; a yellow color which formed in the basic solutions could not be com- 
pletely removed from the protein by dialysis, and all attempts to reverse 
the reaction by acidification led to insoluble protein quite unlike native 
chymotrypsinogen. 

Attention was turned to experiments in the region of pH 7.0 to 8.0, where 
we might expect the substitution of the a-amino group which has been re- 
ported by Bettelheim (10). In this pH region, higher temperatures could 
be used with safety, thus achieving a favorable increase in the rate of reac- 
tion. At pH 7.5 and 25°, in phosphate buffer, analysis showed that 3.2 
moles of dithiocarbamate per mole of protein had formed in 31 
hours. Other experiments with chymotrypsinogen, insulin, and £-lacto- 
globulin at pH values from 7.5 to 7.9 indicated that e-amino groups react 
slowly, but appreciably, under these conditions. Favorable conditions for 
the substitution of only one group of chymotrypsinogen were achieved at 
pH 6.9. 

Preparation of Monosubstituted Chymotrypsinogen—9 gm. of chymotryp- 
sinogen were dissolved in 75 ml. of 0.25 m phosphate buffer at pH 
6.9. Then 0.2 ml. of 1 m diisopropyl] phosphofluoridate in isopropanol was 
added with stirring and the mixture was strained through glass wool. Ox- 
ygen-free nitrogen gas was bubbled through the solution for 30 minutes. A 
trace of capryl alcohol was present to prevent foaming and the vessel was 
covered to maintain a nitrogen atmosphere. During this time duplicate 
samples were taken to determine the protein concentration. Aliquots of 
0.10 ml. of the solution were diluted to 25.0 ml. with 0.1 m potassium chlo- 
ride, and the optical density at 282 mu was determined for these dilutions. 


The reaction was started by the addition of 3 ml. of carbon disulfide. Con- | 
tinuous mechanical stirring was used to keep the aqueous phase saturated | 


with carbon disulfide and the temperature was maintained at 23°. 


The extent of substitution of the protein was determined at intervals 
during the reaction by analysis of 0.10 ml. portions of the reaction mixture. | 
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The samples were diluted to 25.0 ml. with 0.1 mM potassium chloride and 
analyzed by ultraviolet absorption (Method II). Table I presents the 
results of these determinations (Run 1). After 23 hours the reaction mix- 
ture was frozen and lyophilized. A total of 11 gm. of product was obtained, 
containing about 3 gm. of salt. 

Starting with 8.0 gm. of the lyophilized preparation, the product was 
crystallized. With the usual precautions to exclude oxygen, the protein 
was dissolved in 50 ml. of 0.2 m glycine buffer, pH 9.6. A small amount of 
insoluble material was removed by centrifugation, and the clear supernatant 
solution was dialyzed in the cold against 0.05 m potassium chloride at pH 


TABLE I 
Extent of Reaction between Chymotrypsinogen and Carbon Disulfide 


Moles of dithiocarbamate per mole protein 
Reaction time 
Run 1 Run 2 
hrs. 
1 0.06 
1.5 0.1 
2 0.18 
3 0.32 
5 0.3 0.43 
7 0.62 
12 0.75 
21 1.15 
23 1.09 
24 1.13 
28 1.17 
32 1.23 
48 1.37 


8.8. After 20 hours, the protein had separated as large crystals in the form 
of clustered pyramids. The crystals were collected by centrifugation and 
redissolved in 60 ml. of 0.5 M potassium chloride at pH 10.0. The protein 
was then recrystallized by dialysis in the cold against 0.05 m potassium 
chloride at pH 9.3. The crystals were redissolved and lyophilized. A 
final yield of 6.7 gm. was obtained, containing approximately 2 gm. of salt. 
This product will be referred to as ‘‘CS.-chymotrypsinogen.”’ 

Reaction of Guanidinated Chymotrypsinogen with Carbon Disulfide—The 
preparation of guanidinated chymotrypsinogen in which essentially all of 
the thirteen «-amino groups have been converted to guanidino groups by 
reaction with O-methylisourea is described in Paper II (13). It was of 
interest to determine to what extent this protein would react with carbon 


disulfide. 
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gm. of guanidinated chymotrypainogen was dissolved in 10.0 mil, of 
0.25 mM phosphate buffer at pH 7.3 and 25°. The solution waa treated with 
carbon disulfide as deseribed above for chymotrypsinogen, After 1 day, 
the ultraviolet absorption method indicated 1.0 mole of dithiocarbamate 
per mole of protein, After 2 days, the reaction mixture was lyophilized; 
this product will be referred to as “CS»-guan-chymotrypsinogen.”’ 

Number of Groups Substituted—The analysis of recrystallized “CS»-chy- 
motrypsinogen” by Methods I and II gave the following results, expressed 
as number of dithiocarbamate groups per mole of protein: by carbon disul- 
fide recovery (Method I), 1.06, and by ultraviolet absorption (Method II), 
1.04. The corresponding values for the lyophilized ‘CS.-guan-chymo- 
trypsinogen’”’ were 0.85 and 0.90. All analyses were run in duplicate. It 
may be concluded that on the average only 1 mole of carbon disulfide has 
reacted with each mole of either chymotrypsinogen or guanidinated chymo- 
trypsinogen, but the nature of the reacting site or sites remains to be demon- 
strated by the experiments and discussion given below. 

Kinetics—Léonis and Levy have shown that amino acids react with car- 
bon disulfide according to first order kinetics (4), since in aqueous systems 
the activity of the reagent is constant. Both a-amino and e-amino groups 
of chymotrypsinogen react with carbon disulfide in the range from pH 7 
to 8. The relative rates of reaction of the two types of sites may be deter- 
mined by analysis of kineticdata. The case of a-corticotropin (14) is prob- 
ably exceptional; here the a-amino group and each of the four e-amino 
groups appear to react at equal rates with carbon disulfide at pH 8.0. 

The reaction between chymotrypsinogen and carbon disulfide at pH 6.9 
was repeated at 25.0° + 0.2°. Concentration of the solution by evapora- 
tion was prevented by saturating the incoming gas with water. The ex- 
periment was terminated when the product began to crystallize out of solu- 
tion. When the data shown in Table I, Run 2, were plotted according to 
the first order rate equation 


logio (@ — = + logioa 


where a was taken to be the initial concentration of the a-amino group and 
x to be the extent of reaction of the single group, then a linear relationship 


appeared (Fig. 3). By assuming that the a-amino group was completely — 
substituted after 24 hours, the much slower rate of reaction of the thirteen — 
e-amino groups could be estimated from the data between 24 and 48 hours. — 
From the slope, k; for the a-amino group was calculated to be 1.4 X 10° | 


sec.—!. A similar plot of the values for the extent of reaction of the thirteen 


é-amino groups gave a straight line with a slope corresponding to k; equal & 


to 7.0 X 10-° sec.—! for each group. 


Ultraviolet Absorption—The ultraviolet absorption of monosubstituted f 
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chymotrypainogen at pil is compared to that of chymotrypamogen in 
Wig. 

In Fig. 2, the difference in the ultraviolet absorption of these two proteins 
is plotted and compared with the absorption of a solution of barium N-dithi- 
ocarboxyalanine of the same molar concentration. The two maxima char- 
acteristic of the dithiocarbamate group become evident. The maximum of 
the group on the protein at 292 my lies 6 my above the principal maximum 
of the alanine derivative and 9 my above the principal maximum of the 
e-aminocaproic acid derivative. 
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Fic. 3. Reaction between carbon disulfide and the a-amino group of chymotryp- 
sinogen, where a is initial concentration of a-amino groups and z is extent of reaction 
at time, ¢, in hours. 

Fic. 4. Ultraviolet absorption of ‘‘CS2-chymotrypsinogen’’ compared to that of 
chymotrypsinogen. The protein concentrations are both 7.0 X 10-§ Mm. 


Reaction with 2 ,4-Dinitrofluorobenzene—As a test for the presence of the 
a-amino group, the method of Bettelheim (10) was applied to ‘‘CS.-chymo- 
trypsinogen,” and to chymotrypsinogen 
itself as a control. When the procedure was followed exactly, the following 
yields of N-(2,4-dinitrophenyl)cysteic acid (moles per mole of protein) 
were obtained: for ‘‘CS2-chymotrypsinogen,”’ 0.16; for ‘‘CS2-guan-chymo- 
trypsinogen,”’ 0.17; and for chymotrypsinogen, 0.58. These values are un- 
corrected for loss of N-(2,4-dinitrophenyl)cysteic acid during hydrolysis. 
The value obtained for chymotrypsinogen probably represents 1 mole per 
mole of protein. | 

Reversal of Carbon Disulfide Reaction—‘CS.-chymotrypsinogen” (0.58 
gm.) was dissolved in 10 ml. of water with the usual precautions to exclude 
oxygen. To this solution were added 10 ml. of 1 M citrate buffer, pH 2.9, 
and the mixture was allowed to stand at room temperature. After 5 hours 


h 

te 
I; 
1 
\ 

()- 

It 
as 
n- 
ps 

7 
PY- | 
no | 
ra- 
ex- 
lu- 
and 
hip 
aly 
pen 
rs. 
ual 


630 DERIVATIVES OF CHYMOTRYPSINOGEN. I 


the protein solution was dialyzed against 0.001 m hydrochloric acid in the 
cold for several days. The solution in the dialysis bag was concentrated 
to approximately 15 ml. by evaporation, then centrifuged to remove the 
small amount of flocculent precipitate. ‘To the clear supernatant solution 
were added 5 ml. of saturated ammonium sulfate solution and the pH was 
increased to 5.0 by the addition of 2 N sodium hydroxide, After standing 
for a few minutes, the vessel contained a considerable quantity of crystalline 
material which had the characteristic needle shape of chymotrypsinogen 
crystals. This material was separated by filtration, dissolved in water at 
pH 3.0, and dialyzed against cold 0.001 m hydrochloric acid. Finally, the 
solution was lyophilized. <A total of 0.38 gm. of the dried protein was ob- 
tained, so that the over-all yield of the reversal and crystallization was ap- 
proximately 65 per cent. This material is to be referred to as “reverse 
CS.-chymotrypsinogen.”’ 

Physicochemical Characterization of “CS2-Chymotrypsinogen’”’—In solutions 
more acidic than pH 4, the monosubstituted protein is soluble, but reverts 
to chymotrypsinogen. Above pH 10 the derivative is very soluble. In the 
range from pH 6 to 9 the crystalline derivative is insoluble in water and is 
much less soluble than chymotrypsinogen in 0.05 m sodium or potassium 


chloride. As the ionic strength increases, the solubility increases; hence [| 


the derivative may be readily dissolved to the extent of 1 per cent in 0.1m 
salt. | 

Preliminary studies have been made of the behavior of ‘“‘CS2-chymotryp- 
sinogen”’ in the ultracentrifuge and in electrophoresis. Measurements of 
sedimentation were carried out in a Spinco model E analytical ultracentri- 
fuge equipped with the Philpot-Svensson optical system. A single, sym- 
metrical peak indicated that the derivative is homogeneous and monomeric 
in the ultracentrifuge at pH 8.7 and ionic strength of 0.10. The sedimenta- 
tion constant, 2.85, agrees well with the value of 2.65 for the chymotryp- 
sinogen monomer at pH 7.5 and ionic strength of 0.20, reported by Dreyer, 
Wade, and Neurath (7). 

Electrophoretic studies were made in a Spinco model H electrophoresis 
apparatus. For the carbon disulfide derivative, the same Veronal buffer 
(pH 8.7, ionic strength of 0.10) which had been used for sedimentation was 


equilibrated with the protein solution. The patterns after 220 minutes § 
were only slightly asymmetrical, but after 600 minutes a small second peak > 
appeared. The mobility of the major peak calculated from the descending | 
limb was 0.3 X 10-5 cm.? volt! sec... Since the second peak with a small | 


negative mobility appeared only after 220 minutes, it was possible that 
“CS.-chymotrypsinogen” was oxidizing or decomposing during electro- 


phoresis. However, when the protein was equilibrated with buffer for 2) 
days instead of overnight, exactly the same behavior was observed. Thus : 
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le we conclude that the second peak was not the result of the formation of a 
d new component during the experiment. Since the protein boundary moved 
1€ only slowly under the conditions used, it is possible that the second peak was 
yn merely the anomaly resulting from the original salt boundary. Since more 
as favorable conditions could not be found, no definite conclusion can be drawn 
| about electrophoretic homogeneity. 
ne | The “reverse CS2-chymotrypsinogen” in acetate buffer at pH 5.0 gave 
on the patterns shown in Fig. 5, A. The large peak appears to represent a 
at single component, 90 per cent of the total concentration. When unsub- 
he | stituted and electrophoretically homogeneous chymotrypsinogen was added 
b- to the reversed protein, no separation of the unsubstituted protein from the 
p- | principal component of the reversed protein was observed, even after 400 
ns A B 
rts 
he | 
is t 
um 
A A 
iM ¢ 
Fic. 5. Electrophoretic patterns for ‘‘reverse-CS:-chymotrypsinogen.’’ The ar- 

yp rows mark initial positions for ascending and descending boundaries in upper and 
} of lower patterns, respectively. Pictures at 400 minutes; acetate buffer at pH 5.0, 0.10 
tri- ionic strength, field strength of 5.7 volts cm.-!. A, protein concentration of 0.8 per 
rm- cent. B, same as A with chymotrypsinogen added to 0.3 per cent concentration. 
\ta- minutes (Fig. 5, B). Little light can be thrown on the nature of the 10 per 
yp-| cent impurity. A very similar trailing component is observed in some 
yer, preparations of native chymotrypsinogen (7), and it is thought that this 

may arise by enzymatic modification during isolation. Such a modification 
esis may occur during the reaction with carbon disulfide in spite of the use of 


ffer diisopropyl phosphofluoridate. On the other hand, the trailing component 
was in the reversed protein may arise from a side reaction which occurs during 
utes} reversal, such as the splitting of a peptide bond and the formation of a thi- 
yeak azolidone ring. No evidence for such a side reaction was detected in the 
jing! ultraviolet absorption. 


mall 
that DISCUSSION 
tro- The kinetic analysis of the reaction between chymotrypsinogen and car- 


or 2) bon disulfide clearly reveals that one group of the protein molecule is much 
"hus i more reactive than all the others. In the presentation of the experimental 
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results, it has been tacitly assumed that this more reactive site is the a-ami- 
no group of an N-terminal half cystine residue. ‘The resemblance between 
the ultraviolet absorption spectrum of the new groups and the spectra of the 
two model compounds, barium N-dithiocarboxyalanine and barium N-dithi- 
ocarboxy-e-aminocaporate, strongly suggests that the protein derivative 
is indeed a dithiocarbamate. Furthermore, the absorption maximum at 
292 my of the group on the protein lies closer to the principal maximum of 
the a-dithiocarbamate than to the maximum of the e-dithiocarbamate. It 
is not surprising that the spectra do not coincide exactly, since in the protein 
the dithiocarbamate group may be adjacent to both a peptide bond and a 
disulfide linkage. 

Further experimental evidence indicates that the group which reacts 
most rapidly with carbon disulfide is an a-amino group and not one or more 
of the e-amino groups, or perhaps some other group such as imidazole. If 
the terminal a-amino group had been converted to a dithiocarbamate group, 
then one might expect that the protein derivative would no longer yield 
2 ,4-dinitrophenyleysteic acid in the Bettelheim procedure. Evidently the 
a-amino group was largely blocked in the derivative. We are inclined to be- 
lieve that the a-amino group was entirely in the form of a dithiocarbamate, 
and that the small amount of 2,4-dinitropheny! derivative of the cystine 
residue was formed by partial decomposition of the dithiocarbamate during 
the reaction with 2 ,4-dinitrofluorobenzene. 

The most conclusive evidence on the nature of the protein derivative 
comes from the experiments on the reaction of carbon disulfide with guanidi- 
nated chymotrypsinogen. It will be demonstrated in Paper II that the 
guanidinated protein is essentially devoid of free e-amino groups; yet it 
readily reacts with 1 mole of carbon disulfide to form a dithiocarbamate 
under the same conditions and at the same rate as does chymotrypsinogen 
itself. The reaction with the guanidinated protein proceeded until 1 
mole of carbon disulfide was taken up per mole of protein, and then the 
reaction stopped. Although guanidinated chymotrypsinogen yields an 
amount of 2,4-dinitrophenylcysteic acid equal to that given by chymo- 
trypsinogen itself, ‘“(CS.-guan-chymotrypsinogen” yielded much less, in 
fact an amount equal to that given by ‘“CS2-chymotrypsinogen.”’ From 
these experiments we conclude that one amino group is present in chymo- 
trypsinogen which is not an e-amino group of a lysine residue, and which 
does not react with O-methylisourea, but which does react readily with 
carbon disulfide. The a-amino group of an N-terminal half cystine residue 
conforms readily to these requirements. 

The first order rate constant for the reaction of the a-amino group with 


carbon disulfide at pH 6.9 and 25° corresponds to a half time of somewhat 
less than 6 hours. We conclude that, at 24 hours, about 95 per cent of the | 
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protein molecules have the a-amino group converted to a dithiocarbamate 
group. From the relative rates of reaction of the a- and e-amino groups, 
it can be calculated that, during the same 24 hours, 6 molecules out of 100 
would have reacted with carbon disulfide at one of the e-amino groups in a 
random fashion. ‘This reaction at the € position accounts for the excess of 
dithiocarbamate groups over 1.00 per mole. 

The chemical analysis of the recrystallized product is consistent with the 
kinetic experiments. It appears that recrystallization removes some of 
the disubstituted impurity in the product. Reerystallization may be ex- 
pected to remove unsubstituted protein also, since the latter is quite soluble 
in 0.05 m salt. ‘The final product is probably more than 95 per cent pure 
monodithiocarbamate, substituted at the a-amino position. 

By acidification of solutions of the dithiocarbamate derivative, 1 equiva- 
lent of carbon disulfide is released and a protein can be recovered which is 
identical with native chymotrypsinogen in absorption spectrum, solubility, 
crystal habit, and electrophoretic mobility. In Paper II, the tryptie con- 
version of “CS,-chymotrypsinogen”’ and 
to active enzymes is described, providing additional evidence that the na- 
tive configuration is retained during substitution and reversal. Thus the 
potentialities of carbon disulfide as a reversible reagent have been realized. 

The reaction of carbon disulfide with protein requires only very mild 
conditions to give a product which may be readily analyzed for the extent 
of substitution. ‘The Van Slyke procedure, which in many cases has pro- 
vided useful data on the decrease in amino nitrogen of proteins during sub- 
stitution reactions, cannot be applied to the carbon disulfide derivatives 
because of the instability of these proteins in dilute acid solution. The 
colorimetric method for the determination of carbon disulfide provides a 
sensitive, reliable, and direct check on the extent of substitution, while the 
ultraviolet absorption method for the estimation of the increase in dithio- 
carbamate groups in the protein provides a simple procedure for following 
the changes involved during synthesis, fractionation, or reversal of the reac- 
tion. The ultraviolet absorption method cannot be considered an inde- 
pendent method since it is standardized by the colorimetric method. 

The stability of ““CS.-chymotrypsinogen”’ is limited by the reactivity of 
the dithiocarbamate group. This reactivity is exploited in the reversal 
reaction, but this same reactivity causes the derivative to be unstable under 
any conditions of acidity in which appreciable amounts of the dithiocar- 
bamic acid group are unionized. Even solutions at pH 5 to 6 appear to 
decompose slowly. This behavior, in addition to the sensitivity of ‘“CS.- 
chymotrypsinogen”’ to air oxidation, creates certain experimental difficulties, 
but these are by no means unsurmountable. In practice, lyophilized sam- 
ples of the protein derivative near pH 9 are stored in the cold under nitrogen 
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gas as much of the time as possible. Under these conditions, ‘‘CS2-chymo- 
trypsinogen”’ appears to be quite stable. 


The authors wish to thank Mr. Wen Tan and Mr. Roger D. Wade for 
their valuable technical assistance during the course of this work. 


SUMMARY 


The preparation and characterization of a crystalline derivative of a-chy- 
motrypsinogen by reaction with carbon disulfide are described. Evidence 
is presented that the product is predominantly the monosubstituted isomer 
in which the a-amino group is replaced by a dithiocarbamate group. 

The monosubstituted derivative has been shown by sedimentation anal- 
yses to be homogeneous and monomeric at pH 8.7, ionic strength 0.10. 

When the derivative is treated in solution at pH 3, the reaction with 
carbon disulfide is reversed and a protein similar to, if not identical with, 
native chymotrypsinogen may be recovered and recrystallized in 65 per cent 
yield. Both the derivative and the reversed protein are converted by tryp- 
sin into active chymotrypsins. 
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CHEMICAL DERIVATIVES OF CHYMOTRYPSINOGEN 
II. REACTION WITH O-METHYLISOUREA* 
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(From the Department of Biochemistry, University of 
Washington, Seattle, Washington) 


(Received for publication, January 20, 1956) 


In Paper I (1) we have described the reaction of chymotrypsinogen with 
carbon disulfide and the preparation of a monosubstituted derivative in 
which the single a-amino group of the protein has been converted to a dithio- 
carbamate group. <A study of the reaction of O-methylisourea with chymo- 
trypsinogen is reported in this paper. 

In 1935 Greenstein found that O-methylisourea reacts with lysine to 
form the amino acid, homoarginine (2). From a quantitative study of the 
reaction by the Sakaguchi method, Greenstein found that the free a-amino 
group of peptides was not substituted by the reagent under the mild condi- 
tions employed. ‘Thus, a specificity of this reagent for e-amino groups of 
peptides was indicated. Other investigators obtained similar results (3). 

0-Methylisourea was first applied to proteins by Hughes, Saroff, and 
Carney (4) who obtained a crystallizable derivative of human serum albu- 
min of greatly decreased solubility. The decrease in Van Slyke nitrogen 
indicated that 54 to 57 amino groups had reacted, and this change was paral- 
leled by an equivalent decrease in the amount of O-methylisourea in the 
reaction mixture. By means of electrophoretic and ultracentrifugal stud- 
ies, the crystalline product was found to be no more heterogeneous than the 
starting material. No further chemical characterization of the product 
was made, and no evidence concerning the reactivity of the a-amino groups 
was available. The small amount of Van Slyke nitrogen obtained from 
the product even after the most extended treatment with the reagent sug- 
gested that the a-amino groups had not been substituted. 

Recently Roche, Mourgue, and Baret (5) reported on the reaction 
of O-methylisourea with several proteins, including bovine serum albumin, 
casein, and ovalbumin. Paper chromatograms of acid hydrolysates re- 
vealed spots corresponding to the reaction product of lysine with O-methy]l- 
isourea, homoarginine. No evidence was found for the a-guanidinocar- 


* This work has been supported by a grant from the Initiative 171 Research Fund 
of the State of Washington. 

t Present address, Research and Development Laboratory, Reichhold Chemicals, 
Inc., Seattle, Washington. 


635 


% 
. 
- 
4 i 


636 DERIVATIVES OF CHYMOTRYPSINOGEN. II 


boxylic acids which would appear if a-amino groups of the proteins had 
reacted.? 

Hughes e¢ al. (4) report that the rate of reaction of O-methylisourea with 
amino groups of human serum albumin increases rapidly as the pH is in- 
creased, indicating that the reaction involves the uncharged form of one and 
probably both of the reactants. Thus for quantitative reactions it would 
appear desirable to operate at the highest possible pH. However, caution 
dictates that the reaction be carried out with proteins in solutions less alka- 
line than pH 10.5. In the region of pH 10, appreciable quantities of the 
O-methylisourea and the protein amino groups are present in both the ion- 
ized and unionized forms. At pH 10.5 the basic guanidino group formed by 


R—NH;*t R—NH: + Ht (1) 

CH;0—C(NH:).*+ +; CH;0O—C(NH)NH, + Ht (2) 

R—NH:, + CH;0—C(NH)NH,2 — R—NH—C(NH)NH:2 + CH;0H (3) 
R—NH—C(NH)NH, + Ht +> R—NH—C(NH:)2* (4) 

Reaction 3 is almost completely in the charged guanidinium form (Reac- 


tion 4). 

O-Methylisourea is particularly promising as a reagent for proteins, since 
condensation with lysine side chains results in the substitution of the amino 
group by a guanidino group (guanidination). No drastic change in the 
charge pattern is produced and no chemical grouping is introduced which is 
foreign to biological systems. 

Even though the promise of O-methylisourea has been demonstrated, 
complete characterization of the protein derivatives has been lacking. One 
of the results of the work reported herein is the demonstration that, in the 
guanidination of chymotrypsinogen, only the e-amino groups are substi- 
tuted. 


EXPERIMENTAL AND RESULTS 
Materials 
Chymotrypsinogen and diisopropyl phosphofluoridate were the same ma- 
terials which were used in the experiments described in Paper I (1). 
Trypsin was obtained from the Worthington Biochemical Corporation, 


Freehold, New Jersey, as a twice crystallized material containing approxi- 
mately 50 per cent magnesium sulfate. 


1 Spots on the paper chromatograms were located by means of the Sakaguchi re- 
action. It is known that a-guanidinocarboxylic acids form cyclic anhydrides during 
acid treatment (for example, the creatine-creatinine transformation), and these 
anhydrides do not react to give the Sakaguchi color test. Thus, it is possible that 
these compounds could escape detection during the chromatographic analysis. 
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0-Methylisourea acid sulfate was synthesized in these laboratories by 
Mr. John Barton, using the procedure of Stieglitz and McKee (6). The 
recrystallized material gave a neutralization equivalent of 174 (molecular 
weight is 172) and a melting point of 112—117°; reported, 119-120° (4). All 
other chemicals were purchased commercially and were either c.p. or reagent 
grade. 


Methods 


In the present work, several procedures have been developed for the 
accurate, stoichiometric study of the guanidination of chymotrypsinogen. 

The Sakaguchi reaction has been used widely for the determination of 
guanidino compounds (7). We have obtained the most reliable results by 
the use of techniques which were developed in our own laboratory, an ex- 
perience common to other investigators. The procedure finally adopted is 
essentially Weber’s modification (8) of the original qualitative test with 
some refinements to improve the accuracy and reproducibility of the 
method. 

Samples for assay contained from 0.1 to 0.5 umole of guanidino compound 
in 1.00 ml. The critical step was found to be the addition of hypobromite 
to the basic solution of the sample mixed with a-naphthol reagent. At this 
point, the volume of solution in a 10.0 ml. volumetric flask was held below 
dml. The hypobromite must be added quickly and mixed instantly. The 
optimal volume of hypobromite solution was determined for each assay. 
Too large or too small an amount of hypobromite gave a final optical density 
less than that for an optimal amount. 

Within the range of 0.1 to 0.5 umole, the optical density of the colored 
complex at 500 my was directly proportional to the amount of guanidino 
compound. Calculated on a molar basis, the extinction coefficient for an 
arginine standard was 2.6 X 10‘; this value appears to be valid for all simple 
guanidino compounds. With the proper amount of hypobromite, optical 
density values could be reproduced with deviations of less than 1 per cent 
for any one determination. | 

Application of the Sakaguchi method to proteins can be used for determina- 
tion of the arginine and homoarginine content. A known amount of pro- 
tein, about 10 mg. in 0.5 ml., is heated with 5 ml. of 6 Nn hydrochloric acid in 
a boiling water bath for 6 hours. The partial hydrolysate is neutralized 
with sodium hydroxide and diluted to 25 ml. This solution can then be 
analyzed by the method discussed above. 

Various hydrolysis times from 2 to 24 hours were investigated with chy- 
motrypsinogen. ‘The maximal value for arginine content was reached after 
6 hours of hydrolysis and agreed well with values obtained by other means. 
For example, ion exchange chromatography according to Moore and Stein 
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has given in our laboratory a value of 4.0 residues of arginine per 25,000 
gm. of protein; the method described above gave an average value of 40 
moles per mole. For duplicate hydrolysates the maximal deviation from 
the average was less than 3.0 per cent, and the addition of free arginine to 
the protein such that the amount in the test sample was 0.080 umole could 
be accounted for with an error of less than 5.0 per cent. 

A pplication of the Sakaguchi method to the determination of O-methylisourea 
can be made by condensing the reagent with an organic amine to form a 
guanidino derivative (Reaction 3), which can then be determined by the 
Sakaguchi method. The procedure can be applied directly to reaction 
mixtures containing protein. 

The sample containing approximately 50 wmoles of O-methylisourea in 
solution is added to 5.0 ml. of a 5 per cent butylamine solution at pH 10.7, 
and the volume is made up to 10.0 ml. with water. The solution is allowed 
to stand at room temperature overnight, then 1.0 ml. samples are depro- 
teinized with 10 per cent trichloroacetic acid and diluted to 100 ml. This 
final solution is analyzed by the Sakaguchi method for the butylguanidine 
which is formed quantitatively from the free O-methylisourea. For a series 
of determinations on the same solution of O-methylisourea, the maximal 
deviation from the average is less than 2.0 per cent. 

Van Slyke Analysis—Amino nitrogen was determined by manometric 
estimation of the nitrogen released during nitrous acid treatment of protein 
solutions, by using a modification of the original procedure of Van Slyke (9). 
The technique which is used in these laboratories takes into consideration 
the factors discussed by Fraenkel-Conrat (10). 

Samples of 50 mg. of protein, a temperature of 23.0° + 0.2°, and a reae- 


tion time of 15 minutes were used. Longer reaction times have been shown | 


to yield more than the theoretical amount of nitrogen. Presumably the 


extra nitrogen is the result of the slow reaction of guanidino groups (10, 11), | 
although it could arise from other sources. During the deamination reac: | 
tion the vessel was covered to exclude light, since light has been shown to | 


cause extra nitrogen to be liberated from tyrosine peptides (12). 

From the results of many determinations of the amino nitrogen content 
of chymotrypsinogen, an average value of 0.81 + 0.01 per cent nitrogen 
was obtained. This value corresponds to 14.5 amino groups per mole of 
protein (mol. wt. 25,000). 


Preparation of Guanidinated Chymotrypsinogen—Conditions were adopted 


similar to those used by Hughes et al. (4) for the guanidination of human 
serum albumin. O-Methylisourea acid sulfate (4.4 gm.) was converted to 
an aqueous solution of the free base with powdered barium hydroxide. Ly- 
ophilized chymotrypsinogen (10.0 gm.) with a trace of capry] alcohol was 


added to this solution, and the pH was adjusted to 10.3. To prevent pro- 
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teolysis by the traces of chymotrypsin retained in the protein preparation, 
0.1 ml. of a 1 m solution of diisopropy] phosphofluoridate in isopropanol was 
added to the reaction mixture. The final volume was approximately 60 
ml., the concentration of O-methylisourea was 0.4 m, and the concentration 
of chymotrypsinogen was 17 per cent or 6.8 X 10-3 M. 

The reaction mixture was kept at 5° for 4 days; during this time the pH 
was maintained at 10.3 by additions of sodium hydroxide. Finally, the 
solution was centrifuged to remove a small amount of insoluble material, 
then dialyzed against several charges of cold 0.001 m hydrochloric acid. 
The derivative was crystallized by the following procedure: the pH was 
adjusted to 4.5 with 1.0 m sodium hydroxide and the amorphous precipitate 
which formed was stored at 5°. During 24 hours, the solid passed from the 
amorphous state to small boat-shaped crystals which were birefringent when 
observed under a polarizing microscope. The crystalline material was sepa- 
rated by centrifugation, redissolved in 200 ml. of 0.001 m hydrochloric acid, 
and recrystallized by the same procedure. Again the crystals, now larger, 
were separated, then suspended in water and lyophilized. The final yield 
was 8.8 gm. of protein or 86 per cent of theory. In subsequent experiments 
this product will be referred to as ‘“‘guanidinated chymotrypsinogen.”’ 

The extinction coefficient of guanidinated chymotrypsinogen was determined 
by measurements of the optical density and dry weight of aliquots of a stock 
solution, 1 per cent in protein. Weights were the same after 2 and 3 hours 
of drying in a high vacuum oven at 110°. A molecular weight of 26,000 was 
used for this dried form of the protein derivative, a value which includes 
corrections for the weight of the additional guanidino groups and for the 
chloride counter ions which are present because the protein had been di- 
alyzed against dilute hydrochloric acid. 

Optical densities were determined at 282 my, with the Beckman model 
DU spectrophotometer. The molar extinction coefficient at 282 my was 


_ then calculated to be 5.0 X 10‘, which is identical with the value for unsub- 
, stituted chymotrypsinogen. 


Consumption of O-Methylisourea during Guanidination—During the 
course of an earlier guanidination of chymotrypsinogen, which proceeded 
slowly because lower concentrations of O-methylisourea and protein were 


} used, the disappearance of the reagent was determined quantitatively. 


Since O-methylisourea is slowly hydrolyzed in alkaline solution, a control 
was needed in order to correct for this loss of reagent. This control solution 


_ Was made up and treated in the same fashion as the reaction mixture except 


that it contained no protein. The final volume of the reaction mixture was 
25 ml., containing 0.2 mM O-methylisourea and 12 per cent chymotrypsinogen. 
After 7 days, the decrease in the concentration of O-methylisourea in the 


_ Teaction mixture (corrected for the loss due to hydrolysis) corresponded to 
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11.7 moles per mole of chymotrypsinogen. Van Slyke analysis of the pro. 
tein derivative indicated a decrease of 12.3 moles of amino nitrogen per 
mole of protein. 

Chemical Characterization of Guanidinated Chymotrypsinogen—In Table J 
are shown the results of several analytical procedures which compare the 
amino acid composition of guanidinated chymotrypsinogen to that of the 
unsubstituted protein. 


TaBLeE I 
Characterization of Guanidinated Chymotrypsinogen 
All values are in moles per 25,000 gm. of protein. 


Guanidinated 

Van Slyke 

Sakaguchi 

Arginine + homoarginine................ 4.0f 17.7* +13.7 
Bettelheim 

DNP-cysteic acid]...................066- 0.3 0.3 0.0 
Ion exchange§ 

2.0 1.9 —0.1 

4.0 3.9 —0.1 

0.0 12.8 +12.8 


* Average of five determinations. 

t Average of eight determinations. 

t N-(2,4-dinitrophenyl)cysteic acid, determined by method of Bettelheim (13), 

§ Averages for two runa with each protein on the basic, 15 em. column of Moore 
and Stein (14). 


The Van Slyke and Sakaguchi analyses have been discussed previounly, 
Since the amino nitrogen of the guanidinated protein is much lower than 
that of chymotrypsinogen, samples of the derivative of 100 mg. or more 
were used for the Van Slyke analysis. 

The “Bettelheim method” refers to a repetition of the experiment of 


Bettelheim (13) in which he obtained evidence for the presence of an N-ter- | 
minal half cystine residue in chymotrypsinogen. The value of 0.3 mole | 
of DNP-cysteic acid is uncorrected for losses during hydrolysis and han- | 
dling, and thus probably represents 1 mole per mole of protein. The signifi- § 
cant feature of these data is that both the guanidinated and the unsubsti- 


tuted proteins yielded the same amount of DNP-cysteic acid. 


For ion exchange analysis (14) 50 mg. samples of the protein, either chy: F 
motrypsinogen or guanidinated chymotrypsinogen, were hydrolyzed mn) 
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sealed, evacuated, Pyrex tubes with 10 ml. of constant boiling hydrochloric 
acid at 110° for 24 hours. This method of hydrolysis yielded only insignifi- 
cant amounts of insoluble humin. From Kjeldahl nitrogen determinations 
on the hydrolysates, a corresponding concentration of protein was calcu- 
lated. The nitrogen content of chymotrypsinogen and guanidinated chy- 


- motrypsinogen, 16.5 per cent and 17.2 per cent, respectively, was deter- 


mined by a series of Kjeldahl analyses and dry weight measurements. One 
of the separations of the basic amino acids of guanidinated chymotryp- 


 sinogen is shown in Fig. 1. 


An additional experiment was carried out to determine whether any 
Sakaguchi-positive material other than arginine and homoarginine was pres- 
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Fig. 1. Separation of the basic amino acids of a guanidinated chymotrypsinogen 
hydrolysate by a Dowex 50 ion exchange column. 


ent in the hydrolysate of guanidinated chymotrypsinogen, After every 
third tube of the first 60 effluent fractions (0.5 ml. per tube) was removed 
for ninhydrin assay, the contents of the remaining fractions were combined 
and concentrated to Link, ‘This sample would contain all of the neutral 
and acidic amino acids of the protein, ‘The Sakaguchi test of this fraction, 
which should easily detect. 1 mole of amino acid per mole of protein in the 


_ hydrolysate, was negative. 


Physicochemical Characterization of Guanidinated Chymotrypsinogen—The 


| frequent observation that homogeneous protein derivatives are less soluble 
_ than the parent protein is borne out by guanidinated chymotrypsinogen 
and also CS»-chymotrypsinogen (1). Amorphous chymotrypsinogen is 


only slightly soluble in pure water. The addition of small amounts of salt 
increases the solubility greatly so that 5 per cent solutions may be readily 
prepared over the entire pH range. The protein is very soluble in dilute 


_ acid or base (10-* m) and such solutions may be made up to a concentration 
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of 20 per cent. In higher salt concentration, such as 1 M ammonium sul- 
fate, the solubility is much lower with a minimum at pH 5, where the pro. 
tein may be almost completely precipitated. 

Guanidinated chymotrypsinogen is soluble to the extent of about 1.5 per 
cent in the range from pH 3.0 to 3.5; above pH 10 it is very soluble. In the 
intermediate range the solubility is low, and the derivative is precipitated 
at much lower concentrations of salt than is chymotrypsinogen. In salt 
concentrations higher than 0.1 m the protein is soluble to less than 0.5 per 
cent between pH 4 and 8 and is almost completely insoluble at pH 5. 

Preliminary studies have been made of the behavior of guanidinated 
chymotrypsinogen in the ultracentrifuge and in electrophoresis. The 
sedimentation analyses were carried out in a Spinco model E analytical 
ultracentrifuge with the Philpot-Svensson optical system. Two different 


Fic. 2. Sedimentation patterns for guanidinated chymotrypsinogen. Pictures 
at 16, 40, and 56 minutes, 59,780 r.p.m. A, 1.0 per cent protein in 0.10 M sodium cit- 
rate buffer, pH 3.0. B, 0.5 per cent protein in Veronal buffer at pH 8.7, 0.1 ionic 
strength (0.09 m potassium chloride). 


buffer systems were employed: 0.10 mM sodium citrate buffer at pH 3.0 and 
Veronal buffer at pH 8.7, 0.09 m in potassium chloride and 0.02 in total 
Veronal. Fig. 2, A presents the sedimentation diagrams of a 1.0 per cent 
solution at pH 3.0 from which a value of 8... = 2.75 was calculated. In 
Fig. 2, B are shown the diagrams for a 0.5 per cent solution at pi 8.7 for 
which the sedimentation constant is 5.3 8. 

Mlectrophoretic measurements were carried out in a Spinco model elec 
Lrophoresia apparatus with a 0.5 per cent solution of protein, ‘Phe solution 
had been dialyzed overnight against cold Veronal buffer, 0.09 potaamum 
chloride and 0.02 m sodium Veronal adjusted to pH 8.7 with dilute hydro: 
chloric acid. At this pH the mobility of the derivative is —0.5 * 10% 
em.? volt see.-' (descending boundary); the mobility of chymotry psinogen 
under identical conditions was found to be +0.5 * 10-5 em.? volt~! see". 
More favorable conditions for electrophoresis have not been found owing to 
the limited solubility of the protein. Interpretation of the electrophoretic 
patterns at pH 8.7 is complicated by the failure of the protein boundary to 
move far enough to separate from the salt boundary. 
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Tryptic Conversion of Chymotrypsinogen Derivatives to Active Enzymes— 
In this section, we describe the activation of guanidinated chymotrypsin- 
ogen and also the activation of ‘CS.-chymotrypsinogen,” “reverse-CS,.- 
chymotrypsinogen,” and ‘‘CS.-guan-chymotrypsinogen”’; the preparations 
of these latter three derivatives were described in PaperI (1). A procedure 
similar to the rapid activation scheme of Bettelheim and Neurath (15) was 
used. In this process, chymotrypsinogen is converted to x-chymotrypsin 
by the action of trypsin, and then the z-chymotrypsin is autocatalytically 
converted to 6-chymotrypsin. 

To 0.8 ml. of a 5 per cent solution of the proenzyme was added 0.1 ml. of 
0.5 m phosphate buffer, then dilute sodium hydroxide to pH 7.8. The total 
volume was made up to 1.1 ml. with water, and the solution was chilled in 
anice bath. Then 0.1 ml. of a 1.2 per cent solution of trypsin at pH 4 was 
added and mixed in. The mixture was kept in an ice bath throughout the 
course of the reaction time. ‘The protein derivatives were only partially 
soluble in these mixtures. At appropriate intervals, samples were removed 
for the determination of the increase of chymotryptic activity with time. 
For the chymotrypsinogen control, the guanidinated protein, and the ‘‘re- 
verse-CS.-chymotrypsinogen,”’ samples of 0.10 ml. of the activation mixture 
were diluted to 10.0 ml. with 0.001 m hydrochloric acid; at this time the 
action of trypsin was effectively stopped. The protein concentrations at 
this dilution were determined from the optical density at 282 my, with cor- 
rections for the small amount of trypsin. The chymotryptic activity of 
0.1 ml. portions of the acidified solutions was measured by a procedure 
similar to that described by Cunningham (16), in which the rate of hydrol- 
ysis of acetyl-L-tyrosine ethyl ester is determined from the uptake of stand- 
ard alkali with time. 

For the carbon disulfide derivatives of chymotrypsinogen it was necessary 
to use a slightly different procedure, since these derivatives are unstable at 
pli’. ‘The samples were diluted with water and the activity was measured 
immediately, Since the action of trypsin was not stopped in this case, the 
line of the sample wan taken to be that time at which the enzyme was added 
lo the ayatem, ‘The protein concentration was determined from the 
optical density at 284 my (for which the molar extinetion coefficient of 
is 6.3 104). "The concentration was also 
firmed by acidification of a 0.10 ml. aliquot of the activation mixture with 
citrate buffer at pIL 3, after which the resulting chymotrypsin was deter- 
mined spectrophotometrically in the usual manner. 

The results of these experiments are presented in Fig. 3. The rate of 
hydrolysis of acetyl-1-tyrosine ethyl ester by the activated chymotrypsin- 
ogen control after 1 hour’s incubation with trypsin at pH 7.8 and 0° was 
taken to represent 100 per cent activation. The rate obtained in this case 
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is identical with that obtained by Bettelheim and Neurath (15). The per 
cent activation of the other samples was calculated on this basis, the experi- 
mental rates being corrected to the same protein concentration as that of 
the control. 

The tryptic activation of the protein derivatives was complicated by the 
low solubility of some of the proteins, particularly ‘‘CS.-guan-chymotryp- 
sinogen.”” Insolubility may account for the slow activation of this deriva- 
tive (Fig. 3). In spite of the partial solubility of the guanidinated chymo- 
trypsinogen, this derivative was activated to a molar activity equal to that 
of 6-chymotrypsin and at essentially the same rate. Likewise, the protein 
obtained from the monodithiocarbamate of chymotrypsinogen by acidifica- 
tion, “reverse-CS.-chymotrypsinogen,’’ behaved very much like chymo- 


PERCENT ACTNATION 


40 80 120 200 
TIME OF ACTIVATION IN MINUTES 
Fic. 3. Tryptic conversion of chymotrypsinogen derivatives to active enzymes, 
0.04 m phosphate buffer, pH 7.8, 0°. Ratio of trypsin to proenzyme is 1:33. 0, 
chymotrypsinogen; @, guanidinated chymotrypsinogen; O, ‘‘reverse-CS:-chymo- 
trypsinogen;”’ @, ‘‘CS.-guan-chymotrypsinogen;”’ A, ‘‘CS:-chymotrypsinogen.” 


trypsinogen itself. The lower extent of activation of the dithiocarbamate 
derivative, 85 per cent, needs to be reexamined. This behavior may be due 
to partial insolubility or to the different way in which the enzyme must be 
assayed because of the lability of the dithiocarbamate group. 


DISCUBSION 


‘The specificity of O-methylisourea for e-amino groups in Chymotrypsir 
oven is now confirmed in several ways, ‘The quantitative measure of the 
loss of reagent corresponds well with the decrease of amino nitrogen, aa 
determined by Van Slyke analysia, Furthermore, the results of the Van 
Hlvke analyses on the completely guanidinated product agrees with both the 
quantity of homoarginine whieh appears and the amount of lyeine which 
disappears, as shown by the amine acid analysis of the product, The test 
for the terminal e-amine group gives the same result for both the guanid: 
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nated and the unsubstituted chymotrypsinogens, indicating that this group 
has not been altered. 

There is one result which does not agree closely with the others in Ta- 
ble I; that is, the value obtained by the Sakaguchi analysis for the increase 
in guanidino groups in the protein is somewhat higher than would be ex- 
pected from the other determinations. Since no other Sakaguchi-positive 
material was found in the neutral and acidic amino acid fractions of the 
ion exchange separation, this discrepancy probably reflects a systematic 
error in the Sakaguchi analysis. An error of 5 per cent would be sufficient 
to cause the difference. 

By far the most convincing evidence that O-methylisourea reacts spe- 
cifically with the e-amino groups and not with the a-amino group is the 
fact that guanidinated chymotrypsinogen takes up and releases 0.9 mole of 
carbon disulfide in a manner strictly analogous to the manner of unsub- 
stituted chymotrypsinogen. These reactions have been discussed in Pa- 
per I (1). | 

Although the loss of Van Slyke amino nitrogen is the expected amount, 
the results of these analyses are all higher than might be expected from 
other data on the amino acid composition of chymotrypsinogen. 1 mole of 
chymotrypsinogen gives 14.5 moles of nitrogen compared to 14.1, the sum 
of lysine and the terminal a-amino group. Likewise, the result for the 
guanidinated chymotrypsinogen is 1 mole per mole higher than expected. 
As mentioned previously, this extra nitrogen is probably a result of the 
slow reaction of guanidino groups of the protein with the nitrous 
acid. Guanidination increases the amount of extra nitrogen as would be 
expected from the greater number of guanidino groups present in the de- 
rivative. In both cases the amounts of excess nitrogen do not exceed the 
limits discussed by Fraenkel-Conrat (10). 

The physicochemical properties of guanidinated chymotrypsinogen are 
unexpectedly different from those of the unmodified protein. For chymo- 
trypsinogen the sedimentation constant at pH 7.5 and an ionic strength of 
0.10 is 2.6 8 and varies little with concentration (17), indicating that the 
protein is entirely in the form of the monomer, On the other hand, the 
high sedimentation constant obtained for the derivative (5.8 8) and the 
marked asymmetry of the ultracentrifugal diagram at pll 8.7 (hig. 2, 
we indicative of molecular association, At however, the 
Hated proteii is monodiaperse and monomer (27 

wae expected (hat the guanidinnted chy would lave an 
mobility very similar to that of the proteins: 
However, wae found that, in potassiam chloride sodium Veronal butler 
pl s.7, the derivative had a mobility which was more negative than that 
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of chymotrypsinogen. Guanidinated chymotrypsinogen may bind more 
anions than does the unsubstituted protein.” 

Although the work reported in Papers I and II of this series has been 
principally oriented toward the development of procedures for the prepara. 
tion of protein derivatives, the results help to clarify certain features of the 
structure of chymotrypsinogen. Since all of the e-amino groups are free to 
react with O-methylisourea, these groups must not be linked into primary 
bonds nor are they masked by secondary bonding, at least at pH 10. The 
fact that the guanidinated protein participates in anion binding and molec. 
ular association to a greater degree than the parent protein indicates that 
the réle of guanidino groups in intermolecular attractive forces may be of 
greater importance than previously recognized. 

As it was argued in Paper I (1), the reactions of chymotrypsinogen with 
the two reagents, carbon disulfide and O-methylisourea, taken together 
strongly confirm the report of an a-amino group in this protein. 

Furthermore, the convertibility of guanidinated chymotrypsinogen and 
‘““CS.-chymotrypsinogen”’ to active enzymes proves that neither the a-amino 
group nor the e-amino groups of the zymogen are essential to the function of 
the active enzyme. This result is in accord with the report that the amino 
groups of chymotrypsin are not essential to its enzymatic activity (19), a 


conclusion which was drawn from the fact that enzymatic activity was | 
destroyed only after prolonged treatment with ketene at pH 7.5. We | 


have applied to chymotrypsinogen the more specific technique of Hughes? 
whereby the protein is treated with acetic anhydride in concentrated acetate 


buffer. The protein was dissolved in 3.0 m sodium acetate, and the solution [ 


was treated with acetic anhydride at a constant pH of 6.7 + 0.2 and 0° for 
10 hours. The Van Slyke amino nitrogen was reduced from 14.5 to 0.6 
equivalent per mole of protein. The Folin-Herriott test at pH 8 for free 
tyrosine plus tryptophan residues (21) indicated that a small fraction of the 
tyrosine residues had been acetylated. The product was therefore treated 
at pH 11 for 40 hours at 5°. The resulting protein now gave a quantitative 
Folin-Herriott test equal to that of chymotrypsinogen itself. Hydrolysis 
of the final product and microdetermination of the acetic acid indicated that 
the derivative contained 13.9 acetyl groups per 25,000 gm. Tvidently all 
of the thirteen e-amino groups and also the a-amino group had been acety- 
lated. ‘I'rypsin activated the acetylated zymogen to an enzyme with a spe 
cific esterase activity equal to that of 6-chymotrypsin. 


The authors wish to thank Mr, Wen ‘Tan, Mr, Roger 1. Wade, Miss 


‘The binding of chloride ions by a chymotrypain ia suggested by eleetrophe 
relic data whieh have been presented by Anderson and Alberty (1M), 
technique haa been mentioned in a review artiele by Herriott (40), 
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Elaine Cohen, and Miss Anne Cederquist for their valuable technical as- 
sistance. 


SUMMARY 


The preparation and characterization of a crystalline derivative of chy- 
motrypsinogen by reaction with O-methylisourea are described. A specific 
reaction occurs by which the 13 lysine residues are converted to 13 homo- 
arginine residues. Evidence is presented that the a-amino group of the 
terminal half cystine residue does not react to an appreciable extent. Pri- 
marily, the a-amino group has been shown to be free to react with carbon 
disulfide. 

The guanidinated chymotrypsinogen has been shown by sedimentation 
analysis to be homogeneous and monomeric at pH 3; at pH 8.7 there is 
evidence of molecular association. Electrophoretic behavior at pH 8.7 
indicates that the derivative binds anions more strongly than does the 
parent protein. 

The guanidinated zymogen can be converted by trypsin into an enzyme 
which has a specific esterase activity equal to that of 6-chymotrypsin. 
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THE CONVERSION OF C*-LABELED SUGARS TO 1t-ASCORBIC 
ACID IN RIPENING STRAWBERRIES 


By FRANK A. LOEWUS, ROSIE JANG, anp C. G. SEEGMILLER 


(From the Western Utilization Research Branch, Agricultural 
Research Service, United States Department of 
Agriculture, Albany, California) 


(Received for publication, February 3, 1956) 


Evidence that L-ascorbic acid! is formed in the intact rat via a sequence 
of hexose precursors has been presented by King and coworkers (1-4). 
Briefly, their technique involved the administration of uniformly labeled 
glucose-C“, uniformly labeled glucuronolactone-C™, glucose-1-C", or 
glucose-6-C™ to chloretonized rats. The urinary ascorbic acid became 
labeled and results of their studies showed that the hexose carbon chain 
was preserved intact in this ascorbic acid, although an inversion of the 
chain had occurred; 7.e., carbon 1 of glucose became carbon 6 of ascorbic 
acid. | 
An independent and roughly simultaneous study of ascorbic acid bio- 
synthesis in the normal rat and also in cress seedlings was reported by 


Isherwood, Chen, and Mapson (5). They prepared a large number of 
- compounds postulated as intermediates in the pathway from glucose or 
galactose to ascorbic acid. Each of these was then tested by subcutaneous 
_ injection into rats or by absorption into germinating cress seedlings. The 


increase in ascorbic acid excretion in the rat urine or in the amount of 
ascorbic acid present in the seedlings served as a measure of the precursor 
potential of the compound used. It was found that a scheme involving 
oxidation of glucose or galactose to the corresponding uronic acid derivative, 
followed by a reduction of the aldehydic carbon to a primary alcohol and 


oxidation of the lactone of this aldonic acid to the enediol structure of as- 


corbic acid, was best suited to the data. Such a pathway involved an 
inversion of the carbon skeleton, complementing the observations of King 
et al. 

In addition to the experiments conducted on intact organisms, Mapson, 
Isherwood, and Chen (6) were able to demonstrate the enzymatic conver- 
sion of L-galactono-y-lactone to ascorbic acid by mitochondria from pea 
and mung bean seeds. Recently, Mapson and Isherwood (7) also reported 
briefly on the existence of a triphosphopyridine nucleotide-dependent 
dehydrogenase from pea seedlings which catalyzes the reduction of the 
methyl ester of p-galacturonic acid to a derivative of L-galactonic acid. 


' Hereafter, ascorbic acid will refer to L-ascorbic acid, glucose to p-glucose, galac- 
lowe to D-galactose, and glucuronate to p-glucuronate, unless otherwise indicated. 
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The interrelationship of ascorbic acid biosynthesis and plant respiration 
has been studied by Franke (8, 9), who concluded that ascorbic acid syn. 
thesis in plants is closely related to the metabolism of hexoses, particularly 
glucose. His paper included a general review of the literature on ascorbic 
acid biosynthesis (see also (5, 10)). 


Although these observations present strong presumptive evidence for | 


the existence in plants of a pathway in which a hexose precursor is con. 
verted with chain inversion into ascorbic acid, no tracer experiments haye 
been reported to confirm or exclude such a scheme. This communication 
presents the results of such a study. The conversion of glucose-1-C™ and 
glucose-2-C" into ascorbic acid has been investigated in the detached 
ripening fruit of the strawberry plant. In addition, tracer experiments 


employing galactose-1-C™ and sodium glucuronate-6-C™" have been con. | 


ducted. 

The results show quite conclusively that, in the detached strawberry, 
asymmetrically labeled p-glucose is converted to ascorbic acid over a path- 
way which preserves intact the carbon skeleton. Furthermore, in contrast 
to the situation in the rat, this conversion occurs without an inversion of 
the carbon chain. 


Methods 


Incorporation of C'*-Labeled Sugars—Maturing strawberries weighing 
between 5 and 15 gm. in the final green, white, or white-pink stage were 
removed from the plants? by severing the stems under distilled water s0 
that about 1 inch of stem remained attached to each berry. Individual 
berries were either injected with or placed into a solution of radioactive 
sugar. In the former case, approximately 0.05 ml. of a water solution of 
the appropriately labeled sugar (containing 1 to 5 mg. of sugar with about 
1 uc. per mg.) was injected into the berry with a No. 24 steel hypodermic 
syringe in such a way that the solution was deposited primarily throughout 
the central pithy section of the strawberry receptacle. It was found that 
as much as 0.1 ml. of solution could be injected into a 10 gm. berry in this 
manner with no apparent damage or leakage. The stems were immersed 
in distilled water until the berries were ground up for extraction. 

In experiments in which the C-labeled sugar was imbibed through the 
cut stem, a solution of the appropriate sugar approximating 1 to 2 per cent 
was injected into a sterile glass vessel which had been prepared from a2 


2 The authors are most grateful to Dr. Stephen Wilhelm, Department of Plant? 
Pathology, University of California, Berkeley, for making available the strawberrie | 


used. 
* The C'4-labeled sugars and sugar acid used in this study were obtained from Dr.f 
H. S. Isbell, National Bureau of Standards, Washington, D. C. 
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ml. pipette by sealing off the lower end of the bulb and cutting the tubing 
above the bulb so that the stem of the berry just reached the bottom of 
the vessel. Approximately 1 ml. of solution was imbibed into a 10 gm. 
berry in 24 hours under these conditions. 

In all cases, the berries were allowed to respire for periods varying from 
94 to 120 hours. Each berry was kept under a micro bell jar fitted with 
tubulation and a ground glass bottomed plate. C0QO.-free air was pulled 
through the jar by means of a slight vacuum and the respired CO2 was 
collected either periodically in Ba(OH): solution or totally in NaOH solu- 
tion. 
Recovery and Isolation of Ascorbic Acid—After 24 to 120 hours, according 
to the experiment, the stem and calyx were removed with a sharp knife. 
The fleshy receptacle was cut up into 20 to 30 ml. of hot (95°) distilled water 
in a glass tissue grinder and homogenized for 2 to 3 minutes with a smooth, 
motor-driven Teflon pestle. The homogenate was again heated to 95°, 


held at this temperature for 2 minutes, cooled rapidly, and centrifuged in 


the cold for 10 minutes at 12,000 X g. The clear red supernatant fluid 
(30 to 40 ml.) was run through a short column of Dowex 50 (Ht) at the 
rate of 1 to 2 ml. per minute to remove cations (almost all the red pigment 
was retained by the resin) and washed through by a volume of water equal 
to the resin volume. 

Aliquots of the effluent containing between 0 and 50 7 of ascorbic acid 
were made up to 5 ml. with 3 per cent metaphosphoric acid and assayed 
for ascorbic acid. ‘The solution was stirred with a current of air in a small 
beaker and titrated with 0.025 per cent 2,6-dichlorophenol-indophenol in 
dilute bicarbonate buffer. The ascorbic acid content of aliquots taken 
after treatment with Dowex 50 could easily be estimated to as little as 2 
y. Aliquots prior to treatment with Dowex 50 could be titrated only 
approximately because of the interfering red color. 

The combined effluent and wash from Dowex 50 were adjusted to pH 
5.0 with NaOH and added to a column of Dowex 1 resin (10 per cent cross- 
linked, 200 mesh, formate form), which was 0.5 cm. in diameter and 12 
cm. in length. The rate of flow was adjusted to about 1 ml. per minute 
under a slight pressure of Nz A 10 ml. water wash followed. Between 
70 and 100 per cent of the ascorbic acid, based on differences of aliquots 
taken before and after passage through the Dowex 1 column, was retained 
on the resin. The berry acids were removed by gradient elution with 3 N 


_ formic acid in the manner described by Palmer (11). 3 ml. fractions were 
collected automatically at 3 minute intervals, and aliquots were removed 
_ from each fraction and assayed for both ascorbic acid and radioactivity. 
' In general, ascorbic acid appeared between Fractions 7 and 13. 


The fractions containing ascorbic acid were combined and a weighed 
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amount of unlabeled, recrystallized ascorbic acid (between 100 and 209 
mg.) was added as carrier. The solution was concentrated to dryness 
in vacuo (40°) and the crystalline residue taken up in 4 to 6 ml. of absolute 
ethanol or 2 to 3 ml. of methanol, centrifuged free of insoluble substances, 
and crystallized by addition of ethyl ether. In general, two to three suc. 
cessive crystallizations from ethanol-ether or methanol-ether sufficed to 
give a white product of m.p. 192° with little or no change in specific activity 
upon further crystallization. In the case of ascorbic acid recovered from 
berries labeled with glucuronate-6-C™, a clear separation of glucuronate 
and ascorbic acid was not achieved on the Dowex 1 resin. The glucuronic 
acid impurity was removed in such instances by recrystallization from 
glacial acetic acid. 

Degradation of Ascorbic Acid—Ascorbic acid was degraded by the method 
of Horowitz, Doerschuk, and King (2, 3). In this procedure, C-1 and C-2 
together were obtained as oxalic acid by oxidation with NaOlI. After 
removal of the oxalic acid as its calcium salt, the threonic acid residue was 
oxidized with periodate to yield C-3 as CO2, C-4 and C-5 as formic acid, 
and C-6 as formaldehyde. The formic acid and formaldehyde fractions 
were further oxidized, separately, to CO. (12). Ascorbic acid was also 
decarboxylated to give C-1 as COs: (2). 

In addition, a portion of the ascorbic acid was converted to the lactone 
of the di-o-aminoanil of dehydroascorbic acid (13). 10 mg. of the dianil 
were decarboxylated by reflux in 8 ml. of 8 N H:SO, for 1.5 hours under a 
slow stream of Ne; the CO:e, representing C-1, was trapped in Ba(OH):. 
A 25 mg. portion of the dianil was dissolved in 20 ml. of warm water, cooled 
to 0°, and adjusted to pH 3 with concentrated HC]. To this were added 
53.5 mg. of NaIQO, in 5 ml. of ice-cold water. After 10 minutes at 0°, the 


reddish precipitate which formed. was filtered off, dried, and counted to 
give a crude estimate of carbon atoms 1, 2, 3, and 4. The filtrate was | 
acidified with concentrated HCl, NaAsO. was added to destroy excess | 


periodate, the pH was adjusted to Congo red, and the solution was stean- 
distilled to recover formaldehyde (C-6) and formic acid (C-5). The 
distillate was treated in a manner analogous to the threonic acid oxidation 
above to obtain C-5 and C-6 separately as COs. 

The activities of the ascorbic acids, their dianils, and the various large 
degradation fragments were checked by wet combustions on a portion of 
each and by comparison of the activity of the organic compound with that 
of the BaCO; precipitate. ‘These comparisons were only approximate and 
could not be used as accurate determinations of total activities. 

Determination of Radioactivity—Aliquots of the berry extract and of the 
eluate fractions from the Dowex 1 formate column were plated on stainless 
steel or copper planchets and counted directly under a windowless gas flov 
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counter in the Geiger region. No attempt was made to correct these counts 
for other than for background. 

CO. from the degradation of ascorbic acid was recovered as BaCQs, 
filtered on hardened paper discs approximately 2.5 cm. in diameter, and 
dried by washing with acetone and ether. An effort was made to keep the 
total weight of BaCO; precipitate between 8 and 15 mg. After drying, 
the discs were weighed, placed in shallow stainless steel cups, and counted 
as described above. The count was corrected for background and for self- 
absorption and converted to counts per minute per mmole in the manner 
described by Seegmiller, Axelrod, and McCready (14). The weight of 
BaCO; recovered in each instance was corrected by running the appropriate 
control. 

The activities of the calcium oxalate monohydrate and the residual pre- 
cipitate from the periodate oxidation of the dianil were corrected for self- 
absorption, the BaCO; self-absorption curve referred to above being used. 
It was found that the corrected activities of the BaCO; recovered from wet 
combustion of the oxalate or the dianil oxidation product corresponded to 
the corrected activities of the compounds themselves, justifying the ap- 
proximation used. 


Results 


Fig. 1 presents the titration curve (solid line) of the organic acids by 
gradient elution from Dowex 1 formate, as described by Palmer (11) from 
an 8 gm. red-ripe strawberry. Three distinct peaks will be noted. The 
first, between Fractions 7 and 10, corresponds to ascorbic acid as indicated 
by the corresponding 2,6-dichlorophenol-indophenol titration curve in- 
cluded in the upper part of Fig. 1. The skewed nature of the NaOH 
titration curve is probably due to a contribution from dehydroascorbic 
acid which is not detected by the dye titration under present assay condi- 
tions. It will also be noted that approximately twice as much titratable 
acidity as dye reduction is present in this peak. Control studies showed 
that solutions containing equal amounts of ascorbic acid and dehydroas- 
corbic acid give a single broad skewed peak in which reduced ascorbic acid 
precedes the oxidized form. No attempt was made to recover the oxidized 
form of ascorbic acid from the berry extracts, although dye reduction assays 
run on H.S-treated aliquots did indicate the presence of dehydroascorbic 
acid. 

The second and third peaks (Fractions 10 to 16 and 18 to 32, respectively) 
represent malic and citric acids as indicated by control studies with known 
acids. No attempt has been made as yet to investigate the full nature of 
these fractions. 

The dashed line in Fig. 1 represents a comparable experiment in which 
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H54 ASCORBIC ACID IN STRAWBERRIES 
the radioactivity of the organic acids of a berry labeled with glucose-1-(" 
(Experiment 2) is plotted after elution from Dowex 1 formate. The lack 
of coincidence of the citric acid peaks between the two experiments is due 
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Fic. 1. Gradient elution with 3.0 n formic acid from Dowex 1 formate column of 


the organic acids from the extract of an 8.2 gm. red-ripe strawberry. Alkali titration 
(solid line) was made according to the procedure of Palmer (11) upon the acidic resi- 
Ascorbic 


dues which remained after removal of the formic acid with air at 40°. 
acid (upper plot) titration was accomplished on 0.1 ml. aliquots of each fraction. 
The distribution of radioactivity (dashed line) was measured on a different berry of 


comparable size (Experiment 8). 


to slight variations in the elution gradient and in the volume of the frac- 
tions collected. From the titration of Dowex 1 formate-eluted fractions 0: 


several berries, an approximate equivalence ratio of 1:2:10 for ascorbic, 
malic, and citric acids is found. The corresponding ratio for the radio- 


activities of these three observed peaks is 1:4: (5 to 14). 
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‘Table | includes the details of each experiment, the values in Column 7 
representing the amount of reduced ascorbic acid present in the combined 
Dowex Leluted fractions immedintely prior to dilution with carrier, 
wren small continuous load of titratable aacorbie acid subsequent to ely 
tion, therefore, theae figures do not represent the total reduced ascorbic 
acid present in the berry extract. The dilution factor (Column 8) hae & 
been calculated from the total ascorbic acid present after dilution with f 
carrier divided by the amount of reduced ascorbic acid present immediately F 
prior to dilution (Column 7). ‘The calculated specific activity of the ascor. | 
bic acid in Column 9 represents the sum of the activities of the individual | 
carbon atoms of the degraded diluted ascorbic acid times the dilution fac. | 
tor. 
An aliquot of the neutral effluent from the Dowex 1 resin was assayed f 
for hexose by means of anthrone (15). It was found that the red-ripe | 
berry contained between 20 and 25 mg. as glucose per gm. of berry of an- 
throne-reactive hexose. If it is assumed that labeled glucose can equili- 
brate rapidly with most of these berry sugars (such an equilibration has} 
been shown in the case of wheat seedlings (16)), there will be a fairly rapid} 
decrease in specific activity of the hexose label from about 4.5 X 10* tof 
about 4.5 X 10° c.p.m. per mg. of glucose. Although such an estimate off 
the specific activity of the berry sugars is only approximate, it allows com- i 
parison with the calculated activities of the isolated ascorbic acid (Column te 
9, Table I). The highest specific activity listed (Experiment 2) is 4.2 X| 
10° c.p.m. per mmole or 2.4 X 10* c.p.m. per mg. of ascorbic acid. Studies ~ 
of the component sugars in the berries used in this report and of the dis, 
tribution of activity within the carbon chain of each sugar are in progress. ” 

Sodium glucuronate-6-C“ (Experiments 4 and 11) and the corresponding © 
lactone* (Experiment 12) were also tested for possible precursor relation-_ 
ship to ascorbic acid (4,5). The first experiment (Experiment 4) gave an © 
ascorbic acid peak from the Dowex 1 formate column which contained con- - 
siderable radioactivity. Repeated crystallization from ethanol-ethy] ether © 
lowered the activity progressively (4). Apparently, glucuronic acid oc- 
curred in the same fraction as ascorbic acid. Essentially no activity was 
found in the C-(1 + 2) or C-6 fractions of ascorbic acid after degradation. © 
Glacial acetic acid was found to be the most effective system for crystalliz- > 
ing ascorbic acid in order to free it of the radioactive contaminant. Enough 
ascorbic acid remained in Experiment 4 for one recrystallization from glacial © 
acetic acid. The final crystals were degraded and found to contain less 
than 100 c.p.m. per mmole of ascorbic acid. No doubt additional crystal- 


‘Prepared from sodium glucuronate-6-C™ by passing a solution of the latter, 
through Dowex 50 (H*) followed by concentration of the effluent to dryness. After) 
a second solution and concentration to dryness, the residue was taken up in a small 
quantity of water and injected into a strawberry. 
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ligation would have reduced the activity even further, had more sample 
heen available, 

‘The ascorbic seid from Experiment was twice crystallized from glacial 
nei, After the first the aetivity of the diluted aseor: 
hie ned wae 240 per mmole, and, after the second, leas than LOO 
cpm, per mmole, The activity of the ascorbic acid from Mxperiment 12 
was somewhat higher (700 to 800 ¢.p.m. per mmole) after a single erystal- 
lization, In these experiments it was not possible to estimate the actual 
specific activity of the ascorbic acid due to the radioactive contaminant, 
Since the activities of these ascorbic acids were much lower than those 
obtained from berries labeled with radioactive glucose, and since a negligible 
activity was found in C-(1 + 2) or C-6, it was probable that glucuronic 
acid and its lactone were not converted to ascorbic acid. In contrast to 
the above results, p-galacturonic acid from the pectin of the berries used in 
the above experiments was heavily labeled with 98 to 99 per cent of the 
activity in C-6, indicating that both sodium glucuronate-6-C"™ and glu- 
curonolactone-6-C" were utilized by the strawberry.® 

In Table II is presented the percentage of total activity in each frag- 
ment of ascorbic acid, together with the calculated counts per minute per 
millimole as ascorbic acid and the actual counts per minute observed. In 
all cases in which glucose-1-C™ or glucose-2-C" is the labeled precursor, 
65 to 74 per cent of the total activity appears in the C-(1 + 2) fraction of 
ascorbic acid. In the case of glucose-1-C'‘-labeled berries, 14 to 19 per cent 
of the activity appears in C-6, and, with glucose-2-C™ berries, 22 to 23 
per cent of the activity in C-(4 + 5) of the ascorbic acid. 

Table III gives the counts per minute per millimole of activity occurring 
in C-1 only, as determined by decarboxylation of a portion of the ascorbic 
acid recovered from berries labeled with glucose-1-C™ or galactose-1-C™. 
It will be noted that these activities are, in general, only slightly less than 
those found for the C-(1 + 2) fragment (Table II), indicating that C-2 
contributes only a few per cent of the counts actually observed. With one 
exception (Experiment 6), 87 per cent or better of the total activity resides 
in C-1 and C-6, and of this, between 78 and 84 per cent is in C-1. 

The degradation of the di-o-aminoanil of dehydroascorbic acid (Table 
IV) complements the results obtained from ascorbic acid degradation. 
Since the ascorbic acid used in the preparation of this derivative was the 
same as that in the degradations reported in Tables II and III, the dianil 
represents additional purification. The values obtained for the C-1 de- 


‘The pectin experiments, which were conducted by C. G. Seegmiller, will be re- 
ported in a separate communication. 

* The free acid of the di-o-aminoanil of dehydroascorbic acid was crystallized from 
water, followed by a crystallization of the air-dried product from methanol to give 
the lactone (melting point, 180°). 
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carboxylation of the anil resemble those obtained for the decarboxylation 
of ascorbic acid (Table 111). Again, it can be shown that the major portion 
of the activity of berries labeled with glucose-1-C™ is located in C-1 and 
C-6 of the ascorbic acid, with approximately 80 per cent of this activity 
accounted for im 


Tanin 


Dintribution of Radioactivity in Aacorbie Acid Recovered 
from Labeled Strawherriea 


Sum of 
activities of 
Experi- dle raded Per cent of sum in each degraded fraction® 
Sugar used ment ee 
No. per 
ascorbic acid | C-(1 4 2)t C-3 C-(4 + 5) C4 
Glucose-1-C™. |... . 2 5385 74 4 3 19 
(3820, 54) | (220,6) | (128, 2) | (965, 29) 
see ae 3 1296 68 9 4 19 
(883, 25) (114, 4) | (53, 2) (246, 15) 
5 3327 68 10 8 14 
(2260, 107) | (326, 11) | (257, 4) | (484, 14) 
6 4651 67 14 15 
| (3120, 149) | (642, 20) | (199, 3) | (690, 15) 
746 (65 18 2 15 
| (481, 13) (137, 9) | (15, <1) | (118, 5) 
Glucose-2-C"...... 685 | 73 0 22 5 
: (500, 12) (0) (153, 6) | (32, 2) 
9 1507 69 6 23 2 
(1040, 32) | (86,6) | (344, 13) | (37, 2) 
Galactose-1-C™....| 10 2791 45 8 6 41 
(1260, 67) | (209, 7) | (173, 3) | (1150, 38) 


Glu 


* The first figure in parentheses represents the calculated activity in counts per © 


minute per millimole as ascorbic acid, and the second, the actual counts per minute 


observed (less background). Samples with activities close to background were © 


counted sufficiently long to reduce the standard deviation to less than 1 c.p.m. 


¢t Calcium oxalate, C-(1 + 2), was converted to CO: by wet combustion and | 


counted as BaCO; except in Experiments 5, 6, and 10. 


A single experiment (Experiment 10) employing galactose-1-C' was run. | 
The results (Tables II, III, and IV) indicate that, unlike glucose-1-C™- | 
labeled berries, the ascorbic acid from this particular berry is approximately © 


equally labeled in C-1 and C-6, with 87 per cent of the total activity resid- 
ing in these 2 carbon atoms. Additional experiments are in progress to 
confirm these observations. 

Evidence that a triose pathway contributes to the randomization of C™ 
between C-1 and C-6 in ascorbic acid recovered from glucose-1-C"-labeled 
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berries is strengthened by the results obtained with glucose-2-C"-labeled 


berries. 


Table V summarizes the results of two such experiments, a major 


portion of the radioactivity residing in C-2 and C-5, with 85 per cent of 


this activity situated in C-2, 


Kadioactivily of Col from Decarborylation of Aacorbie Acid and 
Compariaon of Activities of Cl and Ca 


Activity Sam of Pet cent of 
acid of ascorbic acid |" 
mmole mmole 
Glucose-1-C™, 0, 2 3700 4665 87 79 
3 890 1136 88 78 
5 2490 2974 89 84 
6 3060 3750 81 82 
7 517 630 87 82 
Galactose-1-C". 10 1280 2430 87 53 
TaBLE IV 


Radioactivities of C-1, C-6, and C-6 of Dianil of Dehydroascorbic Acid 
and Comparison of Activities of C-1 and C-6 


Radioactivity in c.p.m. 
Rupert | smote activities of C-l 
Sugar used ag (Ci) + (C6) 100 
C-1 C-5 C-6 ascorbic acid 
Glucose-1-C4........... 1 | 2120; 108 | 938 3058 69 
2 | 2840 48 925 3765 76 
5 | 2230 32 | 564 2794 80 
6 | 3170 34 | 590 3760 84 
7 560 64 120 680 82 
Glucose-2-C™4........... 8 67 15 
Galactose-1-C™......... 10 | 1250; 21 | 1150 2400 52 


All the berries were allowed to respire for 24 hours or longer after intro- 


as CO, during this period (Table VI). 


_ duction of the radioactive sugar and before recovery of the ascorbic acid. 
_ From 3 to 20 per cent of the total radioactivity administered was respired 
The considerable variation observed 


between different experiments is due to differences in the maturities of the 
berries, to the length of the experiment, and to lack of uniformity in the 


_ method of introducing the labeled sugar into the berries. Experiments 4 


nd 
n. 
ly | 
d- 
to 
ed 


660 ASCORBIC ACID IN STRAWBERRIES 


and 11 are evidence that, unlike the rat (17), the strawberry is able to me. 
tabolize glucuronate rapidly to COs. 

Despite the considerable breakdown of labeled sugar, between 90 and 95 
per cent of the total activity of the ascorbic acid from glucose-1-C"-ad- 


TABLE V 


Distribution of Radioactivity in Ascorbic Acid from Strawberries Labeled 
with Glucose-2-C'* and Comparison of Activities in C-2 and C-6 


Activities in aonb th, ber mmole as Sum of 
+ 2) (anil) ascorbic acid 
) 114 10A0 184 1110 7A Kit 


Tanie VI 


Over-All Respiration of Strawberries Labeled with Radioactive Sugars 
and Average Activity of Carbon Dioxide Respired 


Sugar used Experiment per 4 radioactivity of 

mg. BaCOs Minitial per mg. | 
1 88 0.35 420 
3 763 0.52 890 
Na glucuronate-6-C™............. 4 273 0.36 4000 
Glucose-1-C™..................... 5 114 0.29 1350 
Glucose-2-C™..................... 8 141 0.54 1330 
Galactose-1-C™’................... 10 102 0.33 570 
Na glucuronate-6-C™’............. 11 278 0.53 1080 
Glucuronolactone-6-C"™........... 12 368 0.60 220 


ministered berries could be acoounted for in C-1, C-6, and C-3. Of this, 


over 85 per cent was located in C-1 and C-6. A small but significant 7 


amount of C' was incorporated in C-3. A comparison of the activity of 
C-3 with C-4, obtained by subtracting the activity of C-5 (anil) from C 
(4 + 5) of ascorbic acid, shows that about 3 times as much label occurs in 


C-3. Further, this incorporation appears to be related to the maturity oF 
the berry (compare Experiments 5, 6, and 7, Tables I and II); the ripest 


berries contained the highest percentage of activity in C-3. The galactose 
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1-C'-labeled berry, on the other hand, has comparable activities in C-3 
and C-4 (obtained by difference) of the ascorbic acid. 


DISCUSSION 


It is concluded from the results presented that, in the detached ripening 
strawberry, glucose is converted over a direct pathway to ascorbie acid 
without cleavage of its carbon chain. Similar observations have been made 
in the rat (2-4). ‘The present study finds no evidence for an inversion of 
chain configuration between ghicose and ascorbic acid such as was re- 
ported to occur in the rat (3, 4) and was postulated as the pathway in eress 
seedlings and the rat (5), 

The scheme proposed by Isherwood, Chen, and Mapson (5) for ascorbic 
wynthesis i not supported by the present findings, Tn addition to a 
lack of inversion between glucose and ascorbie acid, glicose and galactose 
are not interchangeable as precursors of ascorbie acid, Although both 
sugars are easily mcorporated by the strawberry into ascorbie acid, only 
glucose is converted with retention of its asymmetric label. Galaetose-1- 


— C4, on the other hand, passes through an intermediate triose pool which 
symmetrically distributes the label between C-1 and C-6. Apparently, 


the hexose pool which supplies the immediate precursor of ascorbic acid 
ean be formed either from triose fragments or from glucose, but not from 


galactose. In this respect, galactose incorporation resembles the route 


taken by L-sorbose-6-C"™ in the chloretonized rat, which also results in a 


symmetrical labeling of excreted ascorbic acid (18). The observations of 


Ganguli, Roy, and Guha (19) that pyruvamide-3-C" administered to 
chloretonized rats resulted in labeled ascorbic acid without incorporation of 
label into the phosphorylated hexoses is difficult to understand in the light 
of the findings of Burns e¢ al. and must await further study. 

A third reason for rejecting the scheme mentioned above (5) stems from 
the finding that uronic acids play no part in the formation of ascorbic acid. 
Glucuronate-6-C"“, whether administered to the berry by imbibition or by 
injection as either the sodium salt or the lactone, imparted little or no radio- 
activity to the ascorbic acid recovered. The glucuronate-6-C™ and the 
glucuronolactone-6-C™ were utilized by the berries to synthesize p-galac- 


_ turonic acid. This conversion was even more efficient than that experi- 
- enced when glucose-6-C™ was used as the label (12). It seems quite rea- 


sonable to assume that neither of these uronic acids is on the pathway from 
hexose to ascorbic acid (5) in so far as synthesis in strawberries is concerned. 
A purely hypothetical scheme, but one which incorporates the observa- 


_ tions made in this paper, would involve the oxidation of hexose monophos- 
_ phate to 6-phosphogluconolactone or 6-phosphogluconic acid, followed by 


an oxidation at C-3 to the corresponding keto acid and an inversion of 
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configuration at C-5. The enediol structure and the lactonization, if the 
intermediate is in the form of the free acid, could occur spontaneously or 
via an enzymatic route. An enzymatic oxidation at C-3 by a dehydro. 
genase specific for the C-3 L or C-3 p configuration would explain the in- 
teresting observation of Isherwood, Chen, and Mapson (5) that p-altrono- 
y-lactone and .L-galactono-y-lactone are utilized by cress seedlings and 
D-manno-y-lactone and L-gulono-y-lactone are utilized by the rat. It js 
quite conceivable that such a dehydrogenase would not have any speci- 
ficity with respect to C-5 and would therefore give rise to L-ascorbic acid 
or b-araboascorbic acid. Mapson, Isherwood, and Chen (6) have already 
found evidence for the presence of such an enzyme in pea and mung bean 
seed mitochondria, ‘Their system shows a specificity for L-galactono-y- 
lactone and p-altrono-y-lactone, It is conceivable that the reduction of 
p-pgalacturonic acid to an aldonic acid (7) is unrelated to the synthesis of 
ascorbic acid, 

The pattern of Inbeling i ascorbic acid recovered from berries labeled 
with glicone resembles that observed by Consburg, and 
Haseid (16) in the hexose constituents of wheat seedlings which had heen 
fed ghlicose-1-C' Other workers have reported similar patterns in the 
p-galacturonic acid from berry peetin (12, 14), the cellulose of wheat plants 


(20, 21), and the cellulose of cotton (22). ‘These observations have an ine F 


teresting point in common; namely, that when glucose-1-C™ or a similarly | 
asymmetrically labeled glucose is administered to a plant, the resulting | 
hexose-derived plant constituents are all labeled with approximately the | 
same pattern, That is, about 70 to 80 per cent of the activity is retained | 


in the site of the original label, although about 20 per cent becomes sym- 


metrically located in the other triose moiety of the hexose. It appears | 


that the hexose pool which supplies the precursor, or precursors, for for- 
mation of plant constituents is also linked to the triose path involved in res 
piration. The suggestion of Hassid et al. (16) that the labeling is due to 
“a reversible functioning of part of the glycolytic pathway, involving 
recombination of the two triose phosphates” explains, in part, how the 
distribution of label comes about, but there is still need to explain the ap- 
parently general observation that many plants give rise to the same quan- 
titative picture. 

In the ripening strawberry there is a second type of randomization which 
is asymmetric. C-3 of ascorbic acid recovered from glucose-1-C"-fed 
berries is more highly labeled than C-2, C-4, or C-5. The riper the berry 
at the start of an experiment, the greater is the activity of C-3 percentage- 
wise. Such a pattern of labeling could arise through participation of 4 
pathway involving transaldolase, transketolase, and phosphoriboisomerase, 


wherein fructose-6-phosphate-1-C™ derived from labeled glucose partic | 
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pates in a series of interconversions with the enzymes mentioned above to 
become labeled in the C-1 and C-3 positions (23, 24). Unfortunately, it is 
still too early to speculate upon the nature of such a pathway or upon its 
importance in the ripening process. 


SUMMARY 


Detached ripening strawberries were injected with or stem-fed glucose- 
1-C', glucose-2-C™, galactose-1-C', sodium glucuronate-6-C™, or glucuron- 


olactone-6-C™. The ascorbic acid was recovered and degraded to deter- 


mine the activities of the constituent carbon atoms. 

Ascorbic acid from glucose-1-C™-labeled berries contained 65 to 70 per 
cent of its activity in C-1, 14 to 19 per cent in C-6, and 7 to 18 per cent 
in CS. ‘The nature of this labeling pattern was confirmed with glucose- 
labeled berries, 

lia single experiment, the ascorbic acid from a galactose labeled 
hey contamed approvimately the same aetivities in carbons band 6 

glicutonate and chad not furnish 
amotunte of ascorbie acid synthesis. 


The technical assistance of Walter Mann, Jr, is gratefully acknowl 
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METABOLISM OF TISSUE CULTURE CELLS. THE 
PRESENCE IN HELA CELLS OF THE ENZYMES 
OF THE CITRIC ACID CYCLE 


By STANLEY BARBAN anp HENRY O. SCHULZE 


(From the Section on Experimental Therapeutics, Laboratory of Infectious 
Diseases, National Institute of Allergy and Infectious Diseases, 
National Institutes of Health,* Bethesda, Maryland) 


(Received for publication, February 10, 1956) 


In studying the metabolic patterns of a human epithelial carcinoma cell 
(strain HeLa) grown on a chemically defined medium supplemented with 
serum protein (1), it was observed that suspensions of the cell exhibited a 
high respiratory rate. Isotope tracer studies suggested that these cells 
metabolize glucose terminally via the tricarboxylic acid cycle. Although 
the existence of a citric acid cycle in tumors has been questioned (2), recent 
evidence (3) indicates that neoplastic tissues do catalyze the reactions of the 
tricarboxylic acid eyele, ‘The work reported here demonstrates that ex- 
tracts of the HeLa cell contain all the enzymes in the Kreba 
acid eyele, 


Methoda 


The HeLa cella used in thia study were grown on the surface of 1 liter 
Blake bottles as deseribed by Hagle (1) from 5 to 7 days at 47°. 24 hours 
before harvesting, the culture medium was withdrawn and replaced with 
fresh medium. The medium was removed by decantation and the cells 
were harvested by being scraped from the surface of the glass into freshly 
prepared Krebs-Ringer salt solution. After centrifugation, the paste was 
washed twice with the salt solution, and cell-free extracts were prepared 
| from a 20 per cent cell suspension in distilled water by sonic disintegration 
for 30 to 40 minutes in a Raytheon 9 ke. oscillator. The clear supernatant 
fluid obtained after centrifugation in the cold at 12,000 * g was used and 
contained between 10 and 15 mg. of protein per ml., measured by the micro- 
Kjeldahl method. Enzymes from the citric acid cycle which were present 
in this extract were stable for 2 to 4 weeks when stored at — 15°, except for 
aconitase. 

Sonic extracts of Escherichia coli (strain E-26), used as a source of phos- 
photransacetylase, were kindly supplied by Dr. Arthur K. Saz, National 
Institutes of Health. Manometric measurements were made in the con- 

 Ventional Warburg respirometer at 37°. 


* Public Health Service, United States Department of Health, Education, and 
Welfare. 
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Substrates and Other Preparations—TPN'!, DPN, DPNH, ATP, and ADP 
were all products of the Sigma Chemical Company, St. Louis; ITP and GDP 
were generously furnished by Dr. Herman Kalckar, National Institutes of 
Health, and Co A was purchased from the Pabst Laboratories. Barium 
isocitrate obtained from the Delta Chemical Works, New York, was con- 
verted to the sodium,salt just before use. Oxalacetic acid was a product of 
the Ritter Laboratories, lithium acetyl phosphate was a gift from Dr. Gil. 
bert Ashwell, National Institutes of Health, and acetyl Co A was prepared 
according to the method of Simon and Shemin (4). 

Methods of Assay—The condensing enzyme was assayed according to the 
method of Stern and Ochoa (5), citric acid was determined by the colorimet- 


TABLE I 
Citrate Synthesis by HeLa Extracts 
Experiment No. Acetyl Co A source Citrate formed 
pmoles 
I Synthetic 1.9 
II E. colt 4.3 


In Experiment I, the reaction mixture contained 0.1 ml. of oxalacetate (0.2 m), 
0.1 ml. of L-cysteine (pH 7.0, 0.1 mu), 0.25 ml. of potassium phosphate buffer (pH 7.4, 
0.2 m), 0.05 ml. of MgCl. (0.01 m), 0.5 ml. of HeLa sonic extract, and 0.5 ml. of syn- 
thetic acetyl Co A (approximately 6.0 wmoles) in a total volume of 1.5 ml. The 
reactants in Experiment II were the same, except that acetyl Co A was generated 
from 0.1 ml. of acetyl phosphate (0.1 m), 0.2 ml. of Co A (0.001 m), 0.05 ml. of EZ. coh 
sonate (no condensing enzyme was present), and water to 0.5 ml. Time of incuba- 
tion, 1 hour; temperature, 37°. 


ric method of Natelson e¢ al. (6), and aconitase and isocitric dehydrogenase 
were assayed spectrophotometrically (7). a-KG dehydrogenase activity 
was measured spectrophotometrically by the procedure of Sanadi and Lit- 
tlefield (8). Succinic acid dehydrogenase was determined both spectro- 
photometrically, by measuring the rate of reduction of K3;Fe(CN)<¢ ac- 
cording to Slater and Bonner (9), and manometrically, and fumarase was 
determined spectrophotometrically by the method of Racker (10). De- 
tails of various reaction mixtures are given in Table I and Figs. 1 to 4. 


1 The abbreviations employed are triphosphopyridine nucleotide (TPN), reduced — 
triphosphopyridine nucleotide (TPNyea), diphosphopyridine nucleotide (DPN), re- 
duced DPN (DPNH), adenosine triphosphate (ATP), adenosine diphosphate (ADP), | 
a-ketoglutaric acid (a-KG), coenzyme A (CoA), reduced coenzyme A (CoA-SH), — 
inosine triphosphate (ITP), guanine diphosphate (GDP), and trichloroacetic acid — 


(TCA). 
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Results 


Citrate Condensing Enzymes—Sonic extracts of the HeLa cell contained 
the condensing enzyme and synthesized citrate from oxalacetate and acety] 
Co A (Table I). These extracts could not form acetyl Co A from acetate, 
pyruvate, or butyrate, even in the presence of various cofactors. There- 


I Mg** 
.300 T T T T T T ASOF It NO Mgtt ee 
I 
.250F I 0.2 ML. 
.200 100 
150 - 3.07 4 
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Fia. 1 Fig. 2 


Fic. 1. Spectrophotometric assay of aconitase and isocitric dehydrogenase. 
Each cuvette contained 0.5 ml. of phosphate buffer, pH 7.5 (0.06 m) ; 0.25 ml. of pyri- 
dine nucleotide (2 X 10-3 m); 0.05 ml. of MnCl, (0.01 m); Curves I and II, 0.5 ml. of 
sodium isocitrate (0.04 m); Curve III, 0.5 ml. of sodium citrate (0.04 mu); HeLa ex- 
tract, 0.2 ml., except Curve II, 0.1 ml.; total volume, 3 ml. 

Fic. 2. Effect of cofactors on DPN reduction by a-KG dehydrogenase. The com- 
plete system, Curve I, contained 0.1 ml. of cysteine (0.1 Mm), 0.1 ml. of CoA (1 X 107-3 
M), 0.05 ml. of a-KG (0.1 Mm), 0.2 ml. of DPN (5 X 1073 m), 0.05 ml. of MgCl, (0.1 a), 
0.5 ml. of phosphate buffer, pH 7.5 (0.06 m), and 0.1 ml. of cell-free extract, as indi- 
cated; total volume, 3 ml. Cysteine and CoA were incubated for 5 minutes before 
addition of other components. Other experimental conditions were as indicated in 
Curves II and ITI. 


fore, the acetyl Co A employed in the assay mixture was either synthetically 
prepared or was generated from acetyl phosphate and Co A by phospho- 
transacetylase derived from EL. coli (11). 

Aconitase and Isocitric Dehydrogenase—Freshly prepared sonic extracts 
of HeLa cells contained an active aconitase. With citrate as substrate in 
the presence of TPN, the reduction of the pyridine nucleotide at 340 mu 
was recorded in a Beckman DU spectrophotometer. The presence of iso- 
citric dehydrogenase was assayed in a similar manner, isocitrate being em- 
ployed as substrate (Fig. 1). No activity was obtained when DPN was 
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substituted for TPN. ‘To identify the product of these reactions, large 
scale experiments were set up and the reaction product, presumably a-KG, 
was isolated as the 2 ,4-dinitrophenylhydrazone. ‘The hydrazone was iden. 
tified as a-KG dinitrophenylhydrazone both by determination of the melt. 
ing point and by absorption spectrum (12); the values obtained were 
identical with authentic a-KG derivative. Reversibility of isocitrate de- 
hydrogenase was also demonstrated by incubatinga-KG and COz and find- 
ing isocitrate as the product of the reaction. 

Aconitase activity of the extracts disappeared almost completely on 
storage at —15° after 48 hours, and therefore only fresh extracts are used 
for this assay. In contrast, isocitric dehydrogenase activity was stable 
over long periods of storage. 

a-KG Dehydrogenase—Although a-IKKG dehydrogenase activity was noted 
in the whole sonic extract, only slight activity was present after centrifuga- 
tion. By repeated freezing and thawing of the whole extract before centrif- 
ugation, a soluble a-KG dehydrogenase was obtained. When this prepa- 
ration was incubated with a-KG and various cofactors, DPN reduction was 
observed. The cofactor requirements of this reaction were studied with a 
dialyzed sonic extract, and the results are shown in Fig. 2. In addition to 
DPN, Co A-SH was also found to be essential, and Mg** was stimulatory. 
ATP, ITP, or GDP did not stimulate the reduction of DPN in this system. 
A pronounced lag of 3 to 4 minutes in the rate of reduction of DPN was 
noted in these assays, although the cysteine was preincubated with Co A for 


at least 5 minutes at 30° before the addition of enzyme. The reason for 


this lag is not known. 


To ascertain the end-product of the oxidation of a-KG, a large scale ex- — 


periment was performed. After deproteinization with 10 per cent TCA, 
the product was isolated from the reaction mixture by continuous ether 
extraction for 18 hours. It was identified as succinate both manomet- 
rically, by oxidation with a beef heart succinoxidase preparation (13), and 
by paper chromatography (14). 

Succinic Acid Dehydrogenase and Oxidase—Succinic acid dehydrogenase 
could be assayed in the cell-free extract by the spectrophotometric method 
of Slater and Bonner (9). The succinic acid oxidase was found uniformly 


in the particulate fraction obtained after centrifugation of the sonic extract. — 
Therefore, oxidase assays were performed with the extract before centrifuga- — 
tion. As demonstrated with other systems, 1.5 X 10-* M, 3.1 X 10° M, © 


and 6.2 X 10-* m of malonate inhibited succinate oxidation 61, 81, and 86 : 


per cent, respectively, by the HeLa extract. 


Fumarase—Fig. 3 shows the results of fumarase assays in HeLa cell-free : 


extracts. 
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Malic Dehydrogenase and “ Malic Enzyme’’—Although the equilibrium of 
malic dehydrogenase lies far in the direction of malate formation from oxal- 
acetate, this reaction could be followed spectrophotometrically in both 
directions (Curves I and II, Fig. 4). 

It was also possible to demonstrate the ‘‘malic enzyme” by measuring 
the reduction of TPN at 340 my (Curve III, Fig. 4). The reversibility of 
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Fic. 3. Spectrophotometric assay of fumarase activity of HeLa extract. Hach 
cuvette contained 0.15 ml. of fumarate (0.1 mM), 1 ml. of phosphate buffer, pH 7.3 (0.06 
m), and 0.2 ml. of cell-free extract; total volume, 3 ml. 

Fic. 4. Spectrophotometric assay of malic dehydrogenase and ‘‘malic enzyme”’ 
assay. Curves I and II, malic dehydrogenase assay. Curve I, cuvette contained 
0.1 ml. of oxalacetate (0.1 mM), 0.2 ml. of DPNH (2 X 10-3 om), 0.5 ml. of phosphate 
buffer, pH 7.5 (0.06 m), 0.05 ml. of HeLa extract, diluted 1:10 in water; total volume, 
3ml. Curve II, cuvette contained 0.2 ml. of malate (0.1 mM), 0.2 ml. of DPN (2 X 
10-3 m), 0.5 ml. of phosphate buffer, pH 7.5 (0.06 m), and 0.2 ml. of HeLa extract un- 
diluted; total volume, 3 ml. Curve III, ‘‘malic enzyme” assay. Cuvette contained 
0.5 ml. of Lt-malate (0.02 m), 0.05 ml. of MnCl. (0.01 m), 1 ml. of phosphate buffer, 
pH 7.5 (0.06 m), 0.2 ml. of HeLa sonic extract, and 0.2 ml. of TPN (2 X 10°* mM); total 
volume, 3 ml. 


this reaction could be demonstrated by the procedure of Ochoa, Mehler, 
and Kornberg (15). When HeLa extract was incubated with pyruvate, 
Mnt+, CO., and TPNyea, the latter generated from glucose-6-phosphate 
and glucose phosphate dehydrogenase, L-malic acid was formed and identi- 
fied chromatographically (14). In addition, these preparations catalyze 
the decarboxylation of oxalacetate in the presence of Mn++ at acid pH. 

Other Systems—An active lactic dehydrogenase was also found to be pres- 
ent in cell-free extracts of the carcinoma cell. 
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DISCUSSION 


It is evident from this study that the HeLa cell possesses all the enzymes 
of the Krebs citric acid cycle. This is believed to be the first demonstration 
of the complete cycle in extracts of a mammalian carcinoma cell. Recent 
isotope experiments?’ suggest that the operation of the citric acid cycle is an 
important pathway for supplying the energy requirements of this mam. 
malian carcinoma cell. 

The finding of a soluble a-KG oxidase system in these extracts is of special 
significance. It is evident that the HeLa cell can metabolize a-KG to suc. 
cinate. Although it is difficult to characterize the system in these crude 
extracts, the data indicate requirements for Mgt+, DPN, and Co A-SH, 
and suggest that both the a-KG dehydrogenase and succinyl Co A deacylase 
are present in the cell-free extract. 

The high rate of citrate synthesis indicates an active condensing enzyme. 
The consistently negative results obtained in citrate synthesis, starting from 
pyruvate or acetate and oxalacetate and utilizing a number of possible co- 
factors, are puzzling. These preparations may lack the acetate-activating 
enzyme system presumably present in the living, intact cell. 


SUMMARY 


Evidence is given for the presence in cell-free extracts of the HeLa cell of 
all the enzymes of the tricarboxylic acid cycle. In addition, a soluble a-KG 
oxidase was demonstrated in these extracts, the cofactor requirements for 
which were shown to be Co A, Mg++, and DPN. The existence of both 
L-malic dehydrogenase and the ‘‘L-malic enzyme”’ has been demonstrated 
in the HeLa cell. 
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THE EFFECT OF 2-DEOXYGLUCOSE ON THE METABOLISM 
OF GLUCOSE, FRUCTOSE, AND GALACTOSE BY RAT 
DIAPHRAGM* 


By HENRY I. NAKADA anp ARNE N. WICK 
(From the Scripps Metabolic Clinic and Research Foundation, La Jolla, California) 


(Received for publication, February 20, 1956) 


One of the principal observations on the action of insulin is its ability to 
increase the rate of disappearance of glucose from the extracellular fluids. 
One of the many theories of insulin action ascribes this phenomenon to the 
increased utilization of glucose for glycogen synthesis and oxidation by 
activating the hexokinase reaction (1). Another proposal is that insulin 
acts by mediating the transport of glucose across the cell barrier (2,3). In 
our studies, glucose analogues being used with isolated rat diaphragms, both 
of these theories are supported to some extent. ‘The effect of glucose in 
drastically reducing the uptake and oxidation of fructose by the rat dia- 
phragm can be explained logically by comparing the Michaelis constants of 
hexokinase for. glucose and fructose (4). Glucosamine, which has been 
shown to be insulin-sensitive, appears to inhibit glucose oxidation by block- 
ing the transfer of glucose into muscle cells (5). On the basis of hexokinase 
(brain (4)) Michaelis constants for glucose and glucosamine, this amino 
sugar should have little or no effect on glucose oxidation. Another insulin- 
sensitive sugar, galactose, appears to follow a metabolic pathway entirely 
independent of glucose (6). Galactose apparently enters the muscle cells 
as the free sugar, thus refuting the hexokinase theory in so far as galactose 
is concerned. The lack of any appreciable competition between glucose 
and galactose for cell entry indicates the possibility of separate entry path- 
ways for these two sugars. Thus, the theory of sugar transport across the 
cell membranes appears to be true for galactose, but whether or not it is 
true for glucose remains to be discovered. 

Another glucose analogue that appears to be a useful tool in studying the 
action of insulin is 2-deoxyglucose. Cramer and Woodward reported that 
2-deoxyglucose inhibited yeast fermentation (7) and tumor glycolysis (8). 
Further studies by these workers have shown that the site of inhibition of 
yeast fermentation by 2-deoxyglucose was not hexokinase, since the Michae- 
lis constant of yeast hexokinase for glucose was lower than for 2-deoxyglu- 
cose (9). Sols and Crane (4) have shown that 2-deoxyglucose was a sub- 
strate for brain hexokinase. By using the eviscerated, nephrectomized 


* This investigation was supported in part by a research grant from the Division 
of Research Grants and Fellowships of the National Institutes of Health, United 
States Public Health Service. 
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rabbit, Wick, Drury, and Morita (10) have recently shown that 2-deoxy. 
glucose inhibits glucose transfer and glucose oxidation. Their work also 
indicated that 2-deoxyglucose uptake may have been accelerated by insulin, 

The present communication gives the results of further studies on the 
effect of 2-deoxyglucose on the metabolism of several sugars by the isolated 
rat diaphragm. 


Methods and Materials 


The 2-deoxyglucose was prepared as described by Bergmann et al. (11) 
and modified by Cramer (12). Glucose-U-C"™ was photosynthesized from 
CQ, by cantaloupe leaves; galactose-1-C' was obtained from Dr. Isbell of 
the National Bureau of Standards, fructose-U-C" from the Isotopes Special- 


TaBLeE I 
2-Deozyglucose Uptake with and without Insulin 
2-Deoxyglucose uptake, mg. per gm. tissue 
Experiment No. 
No insulin Plus insulin 
1 0.86 1.78 
2 1.93 2.31 
3 0.50 1.96 
4 0.66 1.32 
5 0.82 1.17 
6 1.61 3.60 


Two flasks were used in each experiment, containing paired hemidiaphragms from 
two rats (trimmed to approximately 350 mg. of wet weight). The final 2-deoxyglu- 
cose concentration was 0.01 M, and insulin, when used, was 1.0 unit per flask. The 
flasks were incubated at 37° for 2 hours with O; in the gas phase. 


ties Company, Inc., Glendale, and crystalline zinc insulin was kindly sup- 
plied by the Lilly Research Laboratories. The 2-deoxyglucose was deter- 
mined by the method of Wick et al. (10). The procedures for preparing the 
tissues and conducting the experiments are essentially as described previ- 
ously (5). 


RESULTS AND DISCUSSION 


The results presented by Wick, Drury, and Morita (10) suggest that — 
insulin may accelerate the disappearance of 2-deoxyglucose from the extra- _ 
cellular space. The data presented in Table I indicate that insulin does — 


increase the rate of 2-deoxyglucose uptake by isolated rat diaphragms. 


The diminution of glucose uptake by the eviscerated, nephrectomized S 


rabbit (10) in the presence of 2-deoxyglucose is confirmed in Table II. It 
can be seen not only that 2-deoxyglucose does reduce glucose uptake, but 
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also that glucose reduces the uptake of 2-deoxyglucose. It appears aa 
though 2-deoxyglucose and glucose are competing for the same system 
which governs the disappearance of glucose from the incubating medium. 

Fig. 1 presents the results of the effect of increasing concentrations of 
9-deoxyglucose on the uptake of C'*-labeled glucose, fructose, and galactose. 
The uptake of glucose is reduced considerably at relatively low concentra- 
tions of 2-deoxyglucose, but the inhibitory effect is not so marked at higher 
concentrations. The effect on fructose appears to be similar to that on 
glucose, except that the inhibition at low concentrations is more 
pronounced. The uptake of 2-deoxyglucose in these experiments appears 


TABLE II 


Effect of 2-Deoxyglucose (2-DG) on Glucose (Glu) Uptake and 
Effect of Glucose on 2-Deoxyglucose Uptake 


Sugar uptake, mg. per gm. tissue 
Substrates Experiment 1 | Experiment 2} Experiment 3 | Experiment 4| Experiment 5 
Glu | 2-DG; Glu | 2-DG| Glu | Glu | 2-DG| Glu | 2-DG 
Glucose (0.01 m)......... 3.56) 3.92 3.65 3.26 3.65 
(0.01 ‘‘) + 2-de- 
oxyglucose (0.01 Mm)..... 2.20; 1.18) 2.13) 1.42; 2.79) 1.43) 2.09) 0.82) 2.11) 1.10 
2-Deoxyglucose (0.01 m).. 2.38 1.68 | 2.20 2.09 1.33 


For the three flasks in each experiment, the diaphragms from three rats were di- 


vided nearly equally among the flasks. 


The weights of diaphragm in each vessel 


were adjusted to approximately 350 mg. The final volume was 3 ml., and 1.0 unit 
Incubations were carried out at 37° for 2 


of insulin was added to each vessel. 
hours with O2 in the gas phase. 


Initial and final sugar concentrations were ob- 


tained by the Miller and Van Slyke titration method. 


to be a function of its concentration; the uptake of galactose was not at all 
inhibited. 

The radioactive respired CO, from these sugars was also measured 
(Fig. 2). In contrast to the decreased uptake of glucose, the oxidation of 
glucose was impaired relatively slightly by 2-deoxyglucose. Fructose, on 
the other hand, had its oxidation considerably inhibited and galactose 
oxidation was unaffected. 

The same pattern of events found in previous competition studies is re- 
flected in these experiments. Galactose, which is acted on by hexokinase 
only under special conditions (4), had neither its uptake nor oxidation in- 
hibited by 2-deoxyglucose. Since the K,, values of hexokinase for both 
glucose and 2-deoxyglucose (9) are considerably smaller than that of fruc- 
tose, one can again interpret the effect of 2-deoxyglucose on fructose uptake 
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and oxidation on competition for the hexokinase reaction, But thin line of 
reasoning fails when apphed to the effect of 2-deoxypglucone on glucone, 
the Ay. Value of hexokinase for glucose ia lower than that of 2-deoxyglucone, 
The facet that glucose uptake was reduced much more than was glucone 
oxidation suggests that 2-deoxyglucose can block at two or more sites; nz,, 


glucose 
___galactose_ 


ructose 


2-deoxyglucose 


SUGAR UPTAKE (mg./gm. tissue) 


-005 Ol 015 
2-DEOXYGLUCOSE CONC. (M.) 


Fig. 1. The effect of 2-deoxyglucose on the uptake of glucose, fructose, and galac- a 
tose. For each experiment, the diaphragms from six rats were divided nearly equally — 


among the six flasks. The weights of diaphragms in each vessel were adjusted to 
350 + 10 mg. Each flask contained the designated radioactive carbon-labeled sugar 
(0.01 m), 1.0 unit of insulin, as well as the designated amounts of 2-deoxyglucose. 
Incubations were carried out at 37° for 2 hours with oxygen in the gas phase. Sugar 
uptakes were calculated from the radioactivity that remained in the diaphragms 
after six rinses in cold isotonic NaCl. Radioactivity of the diaphragms was deter- 


mined by wet-oxidizing the tissue and counting the carbon as BaCO3. The concen © 


tration of 2-deoxyglucose was determined by titration. 


first at the site of cell entry, as shown by blocking the uptake of glucose and 


fructose, and second at the hexokinase reaction as shown by blocking of © 


fructose oxidation but not the oxidation of glucose. 


This lack of effect of 2-deoxyglucose on glucose oxidation is at variance ~ 
with the results reported by Wick, Drury, and Morita (10), who found that © 
in eviscerated, nephrectomized rabbits 2-deoxyglucose inhibited both the © 


transfer and oxidation of glucose. Since, in their experiments, the 2-deoxy- 
glucose concentration within the cell could build up over a number of hours, 


it was believed possible that results similar to those found in the rabbits 


might be obtained if 2-deoxyglucose were incubated with the diaphragms 
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Fic. 2. The effect of 2-deoxyglucose on the oxidation of glucose, fructose, and 
galactose. The respired C'4O; values were obtained from the experiments listed on 
Fig. 1. 


TABLE III 


Effect of Preincubating Rat Diaphragms with 2-Deoxryglucose 
on C'4-Glucose Uptake and Oxidation 


Not preincubated Preincubated 
Substrates C¥4-Glucose} C4-Glucose| C4-Glucose} C4-Glucose 
uptake, oxidation, uptake, oxidation, 
mg. per gm.| umoles per | mg. per gm.| umoles per 
tissue gm. tissue tissue gm. tissue 


For the four flasks in this experiment, diaphragms were cut into four approxi- 
mately equal pieces and divided among the flasks. Each flask contained approxi- 
mately 350 mg. of wet tissue suspended in a final volume of 3 ml. of Krebs-Ringer 
phosphate buffer (pH 7.4). The substrate concentrations were glucose-U-C™ (0.01 
M), 2-deoxyglucose (0.02 m), and insulin (0.7 units per flask). Incubations were 
carried out at 37° for 2 hours with oxygen in the gas phase. 


prior to the addition of radioactive glucose. The results of such an experi- 
ment (Table IIT) show that preincubation of the diaphragms with 2-deoxy- 
glucose for 15 minutes does result in a substantial reduction in glucose oxi- 
dation as well as further reduction in the uptake of glucose. 
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It has been reported that 2-deoxyglucose-6-phosphate is not an inhibitor 
of hexokinase and is not further metabolized (4, 13). If this is the case 
then one explanation for the inhibiting effect of 2-deoxyglucose on glucose 
oxidation could be that the intracellular concentration of the deoxysugar jy 
sulliciently higher than that of glucose so that a competition for hexokinase 
occurs, Binee the oxidation of glucose is bempg measured as the actual 
site of could occur at some other Chat hex The 
of deoxyghicose and the mechani of tle of 
are under investigation. 


SUMMARY 


1. The isolated rat diaphragm was used to study the action of 2-deoxy. 
glucose and its effect on other sugars. ‘The uptake of 2-deoxyglucose and 
the acceleration of this uptake under the influence of insulin have been 
demonstrated. 

2. 2-Deoxyglucose retarded the uptake of glucose and glucose depressed 
the uptake of 2-deoxyglucose. 

3. 2-Deoxyglucose inhibited the uptake of glucose and fructose, but had 


no effect on galactose uptake. 
4. Fructose oxidation by the rat diaphragm was drastically reduced by 
2-deoxyglucose, glucose oxidation was depressed slightly, and galactose 


oxidation was not affected. 
5. Glucose oxidation and uptake by rat diaphragms can be inhibited by 
preincubation of the diaphragms with 2-deoxyglucose. 
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OBSERVATIONS ON THE INCORPORATION IN VIVO 
OF PALMITIC ACID-1-C4 AND OLEIC ACID-1-C" 
IN'TO LECITHINS* 


DONALD J. HANAHAN and HOLE 


(Krom the Department of Physiological Chemiatry, 
University of Lund, Lund, Sweden) 


(Received for publication, Mareh 12, 1056) 


The réle of phospholipides in fat metabolism, whether as (a) transporters 
of fatty acids or choline to peripheral tissues, (b) intermediate carriers of 
fatty acids during their oxidation, or (c) intermediates in the synthesis and 
breakdown of glycerides, is still of a highly speculative nature. Weinman 
et al. (1) have conducted experiments which utilize the turnover rate of 
dog plasma phospholipides in which the phosphate was labeled with P® 
and the fatty acid moiety with C™ as the result of previous injection of 
palmitic acid-1-C™. From the similar turnover rate of the two isotopic 
fractions they concluded that the entire phospholipide molecule was re- 
moved as a unit from the blood stream. Furthermore, they considered 
that exchange reactions did not occur either in the blood or as the phos- 
pholipide molecules pass through the liver. Tolbert and Okey (2) obtained 
results which indicated that the phosphorus and choline moieties of the 
phospholipides of the rat were being renewed at similar rates. 

Recently, it was shown, through the specific action of lecithinase A, that 
there is a positional asymmetry to the arrangement of the fatty acids of the 
liver lecithins of a number of species (3); 2.e., there are only unsaturated 
fatty acids on the a’-ester position and only saturated fatty acids on the 
B-ester position. Because of this evidence it was of interest to investigate 
the possibility of an asymmetric incorporation in vivo of a labeled saturated 
fatty acid, palmitic acid-1-C™, and an unsaturated fatty acid, oleic acid-1- 
C', into the lecithins of the liver, lymph, and upper intestinal tract of the 
rat. 


EXPERIMENTAL 


Adult rats of the Sprague-Dawley strain, 200 to 250 gm., were used in 
all the experiments. No differences in experimental results were observed 


_* Supported in part by the Statens Medicinska Forskningsrad, and Knut och Alice 
Wallenbergs Stiftelse, Stockholm, and in part by the American Cancer Society. 
Presented in part at the Second International Colloquim on Biochemical Problems 
of Lipides, July, 1955, Ghent, Belgium. 
+t Guggenheim Foundation Fellow, 1955. Permanent address, Department of 
Biochemistry, University of Washington, Seattle, Washington. 
t Present address, Rockefeller Institute, New York, New York. 
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with either fasted or well fed animals, all the rats in a particular experi- 
ment being in approximately the same nutritional state. 

The labeled fatty acids, palmitic acid-1-C™ and oleic acid-1-C", were 
generously placed at our disposal by Professor Sune Bergstrém. They 
were administered by oral intubation and were given either as the methy] 
ester dissolved in olive oil or incorporated into the glyceride of the oil. 
_ No differences in the over-all results were noted with either type of prepara. 
tion. When olive oil is used as the vehicle, a somewhat greater dilution 
of the oleic acid than of the palmitic acid occurs, but this does not signi. 
ficantly affect the over-all conclusions, 

The procedure for cannulating the thoracic duct was, with slight modi. 
fication, that described by Bollman ef al, (4), Lymph wan collected at 
24 hour intervala and kept frozen until needed, — [t waa then extracted with 
20 volumes of 95 per cent ethyl alcohol at room temperature, and the lipides 
were isolated in the usual manner (5). In all other experimenta, the ani- 
mals were anesthetized with ether, the tissues quickly removed and homog. 
enized in 95 per cent ethanol, and the lipides isolated. In the experiments 
with intestinal tract, only the upper small intestine was used. It was 
washed thoroughly with water prior to homogenization in ethanol. In 
some of the experiments the entire tract was utilized, while in others only 
the easily removed “mucosal lining” was isolated. The crude acetone- 
insoluble phospholipides obtained from these various sources were extracted 
with 95 per cent ethanol, and the ethanol-soluble fraction was passed 
through aluminum oxide to obtain the desired lecithin fractions (5).!_ The 
alcohol-insoluble fraction, which contained almost exclusively the non- 
choline-containing phospholipides, was not investigated further. It should 
be noted that, in the radioactive experiments described below, these latter 
fractions did become labeled with isotopic carbon, but the specific activity 
at the particular time of examination was always considerably lower than 
that of the other lipide fractions. 

On analysis the purified lecithins from the liver, lymph, and intestinal 
tract all were as follows: N-P, molar ratio, 0.99:1.01; choline-P, molar 
ratio, 0.98:1.00; fatty acid-P, molar ratio, 1.95:1.98. The analytical 
values for the individual constituents were in the expected range. The 
fatty acids of the lysolecithin were obtained by hydrolysis in 4 n HCl for 
4 hours, after which the acids were isolated by ether extraction, washed 
well with water, and dried over anhydrous Na2SQ,. 


1 Recently Lea, Rhodes, and Stoll (6) have indicated that the aluminum oxide 
technique does not tend to remove any preformed lysolecithin from the lecithins. 
In our experience with aluminum oxide, we have found little or no indication of the 
presence of lysolecithins. One possible explanation is that Lea et al. did not use the 
same brand of aluminum oxide as specified in our procedure and did not apply the 
same load to the column. 
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The position of the labeled fatty acid in the lecithins was determined 
by degradation of the compound by lecithinase A into lysolecithin and free 
fatty acid (7). The free fatty acid represents the a’-ester position and the 
lysolecithin the B-ester group. In all cases the degradation was more than 
95 per cent complete and the products yielded were as expected. No 
phosphorus was detected in the free fatty acid fraction. Hydrolysis of 
the lysolecithin showed that any radioactivity associated with this mole- 
cule was located exclusively in the fatty acid grouping. In order to test 
for the possible contamination of the lysolecithin fraction with radioactive 
free fatty acid, a sample of palmitie acid-1-C™, which contained 5000 
wis muxed with non-labeled liver lecithin and subjected to the action of 
lecithinane A, Len than 2 per cent of the added radioactivity wan de 
tected in the lysolecithin fraction, A dupheate experiment showed ap 
proximately per cent of added rachoaetivity in the lysoleeithin fraction, 

The distribution of the label as to the saturated or unsaturated fatty 
acids of a particular fraction was determined by the oxidative technique of 
Bergstr6m and Piiiibo (8). Radioactive measurements of the various frac- 
tions were accomplished by assay of directly plated sample in a conven- 
tional flow counter. All samples were counted for at least 1000 counts. 


Results 


Liver—In Table I are shown the results obtained in experiments on the 
distribution of C'4-fatty acids in the liver lecithins 4 to 6 hours after rats 
had been given oral doses of palmitic acid-1-C™ or oleic acid-1-C™. In 
the experiments with palmitic acid, the results are particularly interesting. 
As is evident from the data, over 90 per cent of the radioactivity associated 
with the liver lecithins was located in the 6-ester position as saturated fatty 
acids, and the remainder was recovered in the a’-ester group as unsaturated 
fatty acids. Although only three typical experiments are presented in 
Table I, data collected from four additional experiments give evidence of 
exactly the same localization of the label in the 8 position. On the other 
hand, the experiments with oleic acid indicated that an apparently equal 
distribution of the label in the two ester positions had occurred (Table I). 
However, it is important to emphasize that, in the palmitic acid experi- 
ments, approximately 10 per cent of the total lipide radioactivity was found 
in the lecithins, while in the oleic acid experiments less than 1 per cent of 
the label was so incorporated. This difference in incorporation was in- 
variably observed. 

Intestinal Tract—The results obtained on the incorporation of labeled 
palmitic and oleic acids into the lecithins of the intestinal tract lecithins 
(Table II) were essentially the same, whether the entire intestinal tract or 
only the “mucosal lining’ was used as the source of lipide. As in the liver 


| 
Deri - 
vere 
hey 
hyl 
oil, 
Ara- 
Lion 
al 
ith 
den 
as 
nts 
WAS 
In 
nly 
ne- 
ted 
| 
ne 
on- | 
ld | 
ter | 
ty | | 
He | 
cal | 
or | 
ed | | 
de | 
he | 
he 
he | 


c4-FATTY ACIDS IN LECITHIN 


TABLE I 
Distribution of C in a’ and B Fatty Acid Groups of Liver Lecithins 
of Rats Fed Palmitic Acid-1-C4 and Oleic Acid-1-C™ 
In each experimental group, a total of four rats were used and were administered 
1 X 106 c.p.m. of either palmitic acid-1-C" or oleic acid-1-C" (per animal) in 0.5 ml. 
of olive oil. Further details are cited in the text. 


Palmitic acid-1-C™ Oleic acid-1-C™ 
Experiment) —_Fraction® | 
Total c.p.m. pet Total c.p.m. cam. ber 

1 FFA (a’) 5,150 134 +) 1366 44 44 
LL (8) 44,550 1400 91 1400 55 56 
Lecithin 49,000 742 1775 50 

2 FFA (a’) 1,500 21 6 1200 25 53 
LL (p) 17,250 300 04 1375 22 47 
Lecithin 20, 550 165 2700 21 

FFA 2,70 48 2000 2H fA 
LL (f) $5,650 A7# 1750 2h AG 
Lecithin 40,350 SHOO 


* FFA = free fatty neid; LL = lysolecithin, 


Tape Il 
Distribution of Cin a’ and B Fatty Acid Groups of Intestinal Tract 
Lecithins of Rats Fed Palmitic Acid-1-C"* and Oleic Acid-1-C'' 
The same dosage was used as indicated in Table I, except that only three animals , 
were used in each experiment group. 


Palmitic acid-1-C" Oleic acid-1-C™ 
Experiment 
mg. mg. 
lf FFA (a’) 9, 200 165 28 800 14 45 
LL (8) 16,800 420 72 1000 17 55 } 
Lecithin 28 ,000 280 1950 18 
2t FFA (a’) 21,550 862 22 1500 28 45 , 
LL (8) 50,400 3054 78 1700 34 55 
Lecithin 75,000 1920 3000 30 
3t FFA (a’) 4,375 80 18 1225 23 50 
LL (8) 19,750 395 82 1410 24 50 
Lecithin 24,500 240 2450 24 


* FFA = free fatty acid; LL = lysolecithin. 
t ‘‘“Mucosal lining”’ only. 
t Entire intestinal tract. 
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experiments, the labeled palmitic acid was incorporated to a significantly 
greater extent into the 6-ester group than into the a’-ester group of the 
lecithins. Furthermore, the amount of label represented approximately 10 
per cent of the radioactivity of the lipides. As before, there was a low 
uptake (less than 1 per cent of the total lipide radioactivity) of labeled 
oleic acid into the intestinal tract lecithins. Distribution analyses showed 
approximately equal labeling from the oleic acid-1-C" in the two fatty acid 
ester positions. 

Lymph—When the lymph lecithins were examined, it was found that 


TaB_e III 
Distribution of C4 in a’ and B Fatty Acid Groups of Lymph Lecithins 
of Rats Fed Palmitic Acid-1-C'* and Oleic Acid-1-C™ 


The same dosage as indicated in Table I, except that only three animals were used 
ineach palmitic acid experiment and only two animals in the oleic acid experiments, 


Palmitic acid Oleic acid. 
Kaperiment Vractlon* 
Total pom. pet Per cont in Total ¢.p.m. Per cont in 
| FFA 500 hl O75 1) hl 
LL (A) 7,200 782 17 AD 
Lecithin 12,900 37h 1510 23 
2 FFA (a’) 10,500 438 MA 450 12 5A 
LL (p) 12,375 662 56 362 10 46 
Lecithin 24 , 500 508 790 12 
3 FFA (a’) 8,000 300 47 366 9 43 
LL (8) 10,250 | 325 53 395 12 57 
Lecithin 19,000 316 782 12 


*FFA = free fatty acid; LL = lysolecithin. 


both the labeled palmitic acid and the oleic acid were distributed equally 
in the two positions (Table III). However, the palmitic acid uptake was 
again nearly 10 per cent of the total lipide activity, although the amount 
of oleic acid uptake was less than 0.5 per cent. 


DISCUSSION 


From the evidence presented here, it is obvious that there is a distinct 
difference in the manner in which palmitic acid-1-C and oleic acid-1-C™ 
are incorporated into the lecithins of the intestinal tract, lymph, and liver 
of the rat. These data strongly support the view that there is a metabolic 
as well as a positional asymmetry to the fatty acids of these lecithins. 

One conclusion which may be drawn is that the 6 position of the lecithin 
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is concerned mainly with the metabolism of the saturated fatty acids 
whereas the a’-ester position is involved only in the metabolism of the 
unsaturated fatty acids. This proposal is supported also by the observya- 
tions that, in the assay of the total amount of label in the saturated and 
unsaturated fatty acids by an oxidative technique (8), all the acids in the 
8 position were saturated and all those in the a’ position were unsaturated, 
This confirms, by a different technique, the previous observations on the 
positional asymmetry of the fatty acids of liver lecithins (3), and also shows 
that the asymmetry extends to the lecithins of the intestinal tract and the 
lymph. However, one must not rule out the possibility that there is 4 
distinct difference in the rate of synthesis and degradation of the two acyl 
groups; 7.e., the a’-ester might be considerably different in its reactivity 
from the 6-ester group and consequently be metabolized or turned over at 
a much different rate. It is obvious that more detailed investigations 
should be made. 

These observations may explain the findings of Zilversmit e¢ al. (9) and 
Weinman et al. (1). The former group concluded, from their studies with 
P®, that phospholipides are not obligatory intermediates in the passage of 
absorbed fat through the intestinal wall. Weinman et al. studied the turn- 
over rate in biosynthesized phospholipides, which were labeled with pal- 
mitic acid-1-C™ and P, in the plasma of dogs, From data on the turn 
over of these isotopic Components, they concluded that the entire phospho- 
lipide molecule is removed as a unit from the blood stream and that there 
in no difference in the reactivity of the easter groups of this molecule, How: 
ever, for the above reasons, one must consider the possibility of differences 
in the reactivity of certain of the groupings, especially the fatty acids in | 
the lecithin molecule. 

Bergstrém et al. (10) noted, after feeding labeled myristic, palmitic, and 
stearic acids to rats, that the myristic and palmitic acids were distributed 
in a similar manner between the triglycerides and the phospholipides, with 
the triglycerides always containing a significantly higher isotope concen- © 
tration. However, with stearic acid-1-C", the pattern of distribution was / 
exactly reversed both in the intestinal tract and in the liver, with the higher » 
isotope concentration in the phospholipides. When oleic acid-1-C" (11) or 
linoleic acid-1-C™ (12) was administered to rats, the major incorporation | 
of isotope was in the triglycerides, with a relatively small amount in the » 
phospholipide fraction. In support of the change in metabolic rate or | 
treatment of saturated and unsaturated fatty acids, Campbell e¢ al. (13) | 
found a pronounced difference in the percentages of liver fat of separate 
litters of rats fed oleic and those fed palmitic acid. When liver fat accumu- © 
lated, significantly higher percentages were obtained in animals which were 
fed palmitic acid than in those which received oleic acid. Accordingly, | 
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slight changes in the fatty acid molecule can cause significant changes in 
the metabolic pattern of the acid. 

The present evidence shows that an active dehydrogenase must exist in 
the intestinal tract. The data on the incorporation of palmitic acid-1-C™ 
into intestinal tract lecithins (Table II) indicated that a significant amount 
of the saturated fatty acid was dehydrogenated and incorporated into the 
a’ position, since no saturated fatty acids could be detected in this particu- 
lar position of the lecithin. No experiments were performed to establish 
the position of the double bond systems in these acids. Favarger (14) re- 
ported that, 3 hours after feeding deuterium-labeled tripalmitin and tristea- 


rin, no dehydrogenation of these compounds occurred in the intestinal 


tract. He based his report on the inability to detect any deuterium in the 
unsaturated fatty acid fractions of the intestinal lipides. However, the 
difficulty of emulsifying saturated triglycerides properly may in some cases 
interfere with the action of the particular enzyme systems. 


SUMMARY 


The incorporation of palmitic acid-1-C™ and oleic acid-1-C™ into the 
lecithins of the liver, intestinal tract, and lymph of rats has been investi- 
gated. When the saturated fatty acid was used, approximately 10 per 
cent of the total radioactivity of the lipide fraction was found in the leci- 
thins, while, with the unsaturated acid, less than - per cent was located in 
the lecithina, 

According to the labeled fatty acid used, there was a difference in the 
position of the label in the leeithins of the liver and the intestinal tract, 
When palmitic acid-1-C™ was fed, 91 to 94 per cent of the label in the leeci- 
thins of the liver was localized in the B-ester position, while, in the intes- 
tinal tract lecithins, 72 to 82 per cent was found in the same position. Ap- 
proximately equal labeling in the a- and §-ester groups was observed for 
the lecithins of the lymph. However, with oleic acid-1-C", nearly equal 
labeling was found in the lecithins from all three different sources. 

An active long chain fatty acid dehydrogenase was apparently present 
in the intestinal tract of these rats. 
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THE ENZYMATIC TRANSFER OF HYDROGEN 
Vv. THE REACTION CATALYZED BY GLUCOSE DEHYDROGENASE* 
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BIRGIT VENNESLAND 


(From the Department of Biochemistry, University 
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(Received for publication, February 23, 1956) 


Previous studies with the aid of deuterium as a tracer have shown that 
alcohol dehydrogenase (1), lactic dehydrogenase (2), malic dehydrogenase 
(3), and a B-hydroxysteroid dehydrogenase (4) all catalyze the direct trans- 
fer of hydrogen between their respective substrates and the para position 
of the nicotinamide ring of DPN.! This hydrogen transfer was also shown 
to be stereospecific for the DPN. Alcohol, lactic, and malic dehydroge- 
nases all cause hydrogen transfer to and from the same side (designated a)! 
of the nicotinamide ring, whereas the #-hydroxysteroid dehydrogenase 
causes transfer to and from the opposite or “‘B”’ side of the ring. The pres- 
ent paper describes an extension of these studies to glucose dehydrogenase, 
and presents evidence that the reaction catalyzed by this enzyme involves 
a direct transfer of hydrogen from carbon 1 of glucose to the 6 side of the 
nicotinamide ring of DPN. 


Materials 
Enzymes—Glucose dehydrogenase was prepared from fresh beef liver by 
the method of Strecker and Korkes (5), and yielded two fractions with 


specific activities of 420 and 220 units per mg. of protein, respectively (5). 
Both fractions were used in these experiments and were stored as a frozen 


* This investigation was supported in part by research grants from the National 
Institutes of Health, United States Public Health Service (No. G-3222), the National 
Science Foundation, and by the Dr. Wallace C. and Clara A. Abbott Memorial Fund 
of the University of Chicago. Part of this material is taken from a thesis submitted 
by H. Richard Levy in partial fulfilment of the requirement for the degree of Doctor 
of Philosophy. 

t Present address, Western Utilization Research Branch, United States Depart- 
ment of Agriculture, Albany, California. 

1DPN represents diphosphopyridine nucleotide; DPN* represents specifically 
oxidized DPN; and DPNH represents reduced DPN. The abbreviation DPND is 
used to represent reduced diphosphopyridine nucleotide containing D in the reduced 
or para position of the nicotinamide ring. a-DPND is used to represent the stereo- 
isomer of DPND obtained by reduction of DPN* with ethanol-1,1-D2 in the presence 
alcohol dehydrogenase. 8-DPND will then represent the other diastereomer 
of DPND. 
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solution at —15°. Lactic dehydrogenase, prepared from beef heart (6, 7), 
had a specific activity of 570 units per mg. of protein N (7), and was stored 
as an ammonium sulfate suspension at 0°. Yeast alcohol dehydrogenase 
was prepared according to Racker (8). A sample obtained from the Nv. 
tritional Biochemicals Corporation was also employed, and glucose oxidase 
was obtained from the Sigma Chemical Company. 

The method of Kaplan et al. (9) was used to prepare DPNase from Zn- 
deficient Neurospora, which was kindly supplied by Dr. D. L. Harris. A 
gift of DPNase from Dr. Kaplan and Dr. San Pietro is also gratefully ac- 
knowledged. 

Pabst or Sigma DPN of 80 to 90 per cent purity was employed, and anal- 
yses for DPNt+ and DPNH were performed spectrophotometrically with 
alcohol dehydrogenase as previously described (1). Nicotinamide was 
recrystallized from benzene, and phenacy] bromide from ethyl ether-petro- 
leum ether or from ethanol. Sodium pyruvate was prepared by the method 
of Price and Levintow (10), while the preparation of lithium L-lactate has 
been described previously (2). 

Deuterium content was determined by burning the samples to H.O and 
converting the H.O to He, which was analyzed in a mass spectrometer, all 
as previously described (1). 

Glucose-1-D was prepared by the Topper-Stetten method (11). This 
method involves reduction of y-gluconolactone with 2.5 per cent sodium 
amalgam in a medium kept acid with 85 per cent D3PO,. The y-glucono- © 
lactone was prepared by the Isbell-Frush method (12), but was recrystal- - 
lized from boiling ethanol instead of glacial acetic acid. 85 per cent D;P0, 
was prepared by dissolving 10.4 gm. of P.O; rapidly in 5 ml. of D,O, re- 
fluxing for 15 minutes, cooling, and adjusting the volume to 10.0 ml. with 
D.O. ‘Two samples of glucose-1-D were prepared, one being isolated after 
dilution of the glucose-1-D with unlabeled glucose, as described by ‘Topper 
and Stetten (11). In this procedure, the final crystallization of D-glucose | 
is carried out in the presence of ethanol at 55°, but these conditions did not 
give crystals in our laboratory, Crystallization was finally effected by 
first removing salts with Amberlite resins 1R-4B and 1R-100-HL (a weak 
base and a atrong acid resin, respectively), then concentrating to a ayrup, 
adding ethanol to give 75 to 80 volume per cent, and seeding with p-glucose 
atice box temperature.  Reerystallization was carried out in the same way. 
The sample of p-glucose so obtained melted at 143-146" (uncorrected), 
Notatin (glucose oxidase) assay (13) gave 98.6 per cent of the theoretical 
O, consumption, and the excess D content was 0.214 atom of D per molecule, 
The other sample of glucose-1-D was prepared similarly, except that addi- 
tion of diluent unlabeled glucose in methanol was omitted. Repeated 
treatment with resins was required before the sample could be induced to 
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crystallize. The melting points of several crops of crystals, subsequently 
pooled, were in the range 141-149° (uncorrected). Notatin assay gave 
101.5 per cent of the theoretical O2. consumption, and the sample was found 
on analysis to contain 1.01 atoms of D per molecule. 

Nicotinamide-4-D-DPN+—The procedure of San Pietro’ (14) was used 
to introduce D into the para or 4 position of the nicotinamide ring of DPN*. 
This procedure involves formation and subsequent dissociation of the 
cyanide complex of DPNt+ in D,O. The sample of nicotinamide-4-D- 
DPN? obtained in this laboratory was prepared by the procedure of San 
Pietro, except that no extra base was added to the solution con- 
taining DPN+ and KCN in D,O. The mixture was allowed to stand at 
room temperature for 2 hours. After removal of HCN as described by 
San Pietro, the DPN* was first isolated by acetone precipitation, and then 
purified on a Dowex 1 formate column. The nicotinamide obtained from 
the deutero-DPNt by hydrolysis with DPNase was found on analysis to 
contain 0.136 atom of D per molecule. 


RESULTS AND DISCUSSION 


Strecker and Korkes (5) showed that the reaction catalyzed by glucose 
dehydrogenase involves the oxidation of 6-p-glucopyranose to the 6-glu- 
conolactone, as shown in Equation 1. The reactivity of the a and 6 forms 


H, COH H,COH 
H OH H 
| + DPN*= on +DPNH+H*+ (1) 
HO | | H HO | 
H OH H ‘OH 


of glucose and the geometry of the ring have been discussed by Bentley 
(15). ‘The experiments described in the present paper were designed to 
determine the origin of the additional Hin the reduced DPN formed in 
Mquation 1, and the steric specificity of this reaction for DPN. ‘The equi- 
hbrium constant, = (glucose), has 
been estimated to be about 300 at pl 8, and about 15 at pil 6.7 (5), ‘The 
reduction of DPN* by glucose is thus favored over the back-reaction, and 
is further enhanced by the hydrolysis of the lactone. The relatively high 
Michaelis constant of the enzyme for glucose (K = 0.07 mM at pH 7.6 (5)) 
necessitates the use of a relatively high glucose concentration in order to 
obtain suitable reaction rates with moderate quantities of enzyme. The 


? We are grateful to Dr. A. San Pietro and Dr. 8S. P. Colowick for providing us with 
a copy of the manuscript prior to publication. 
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experiments were therefore all performed by reducing DPN* with a large 
excess of glucose. 

Three kinds of experiments were performed which differed only in the 
manner in which the deuterium label was employed. The reaction ge. 
quence is outlined by Equations 2 to 4. The quantities of the compounds 
in italics which were present were calculated from spectrophotometric as- 
says as described in a later section. They were diluted with weighed quan. 
tities of unlabeled lithium L-lactate and nicotinamide, respectively, and 


were isolated and analyzed for D. 
p-Glucose + DPN*t — 8-gluconolactone + DPNH + Ht (2) 
J 
J 
Pyruvate + DPNH + H+ — lactate + DPNt (3) | 
| 4 
DPNt — nicotinamide + adenosine diphosphate-ribose (4) | 


DPN? was first completely reduced with an excess of glucose in the pres- 
ence of glucose dehydrogenase (Equation 2). In one set of experiments 
this reaction was carried out in a medium of D,O. The question then was 
whether the DPNH acquired D from the medium or H from the unlabeled 
glucose. The reduced DPN was not isolated and analyzed as such, but the © 
glucose dehydrogenase was heat-inactivated, the D2O was removed by ly- © 
ophilization, the mixture was taken up in H,O, and the reduced DPN was | 
reoxidized by pyruvate in the presence of lactic dehydrogenase (Equation — 
3). Previous experiments have shown (2) that in Equation 3 there isa 
transfer of the H atom in the a-para position of the nicotinamide ring of 
DPNH to pyruvate to form lactate. The D content of the lactate, iso- 
lated as the phenacy! derivative, therefore gives a measure of the amount 
of D introduced in the a-para position of DPNH. The DPN*+ formed in — 
Equation 3 was hydrolyzed to nicotinamide with DPNase (Equation 4) © 
and the D content of the nicotinamide, determined by direct analysis, gave 
a measure of any D present in the nicotinamide ring of DPN+. This in- 
cludes D introduced in the B-para position of DPNH. In this way, any D 
introduced into the a- or B-para position of DPN could be determined sepa- 
rately and with higher accuracy than could be achieved by direct analysis : 
of reduced DPN itself. | 

Table I presents the results of two experiments performed as described, 
which were identical, except that the reduction of DPN by glucose in D,0 | 
was conducted at pH 7.0 in one experiment and at pH 8.0 in the other , 
(to test the possible introduction of D by way of epimerization of glucose). | 
The results of these experiments were virtually identical and show that , 


(3) 
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the DPNH formed in Equation 2 acquired 98 per cent of its extra H from 
glucose rather than from the medium, since the sum of the D content of 
the lactate plus the nicotinamide did not exceed 0.02 atom of D per mole- 
cule. 

In an earlier, preliminary experiment, Equations 2 and 3 were coupled, 
i.e. carried out simultaneously, with only a catalytic amount of DPN. 
In such an experiment, Equation 3 necessarily occurs in a medium of D.O, 
and there is a possibility that D may be introduced into pyruvate by enoli- 
zation prior to reduction. This procedure has the advantage, however, 
that the lactate will contain any D introduced into either the a- or the 
8-para position of DPNH, so that analysis of the nicotinamide is unneces- 
sary. Furthermore, the enolization of pyruvate has been shown to be 
relatively slow (3) under the conditions of the experiment. The lactate 


TABLE I 
Demonstration of Direct Transfer of Hydrogen 
Lactate* Nicotinamide 
pH 
7 0.005 11.7 0.007 0.008 - 29.2 0.014 
8 0.005 11.5 0.007 0.009 26.4 0.016 


* Analyzed as phenacyl lactate. Theoretical value for 1 atom of D per mole- 
cule = 8.33. Sample calculation, (0.005 X 11.7)/8.33 = 0.007 atom of D per molecule 
of lactate. 


obtained from such an experiment was found to contain 0.4 atom of D per 
molecule (16). According to the results shown in Table I, most of this D 
must have been introduced by enolization of pyruvate. 

The conclusion that the enzymatic reduction of DPN*t by glucose in- 
volves direct H transfer from glucose to DPN was confirmed by two ex- 
periments in which glucose-1-D was used as a reductant, in a medium of 
H,0. In these experiments the steric specificity of the transfer for DPN 
was also determined. 

In the first of these experiments, the glucose used in Equation 2 con- 
tained 0.214 atom of D per molecule. ‘The lactate formed in Equation 3 
contained 0.02 atom of D per molecule, and the nicotinamide formed in 
Kquation 4 contained 0.09 atom of D per molecule. The amount of D 
appearing in the lactate is negligible. It is apparent, however, that D 
must be transferred to DPN from the glucose, and that most of it is re- 
tained in the nicotinamide when the reduced DPN is reoxidized by pyru- 
vate. Since the enzymatic oxidation by pyruvate removes D from the a 
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position only, the D must be transferred from glucose to the 8 position, 
The fact that the amount of D found in the nicotinamide is only 42 per 
cent of that in the glucose can readily be explained by a discriminatory 
effect due to a more rapid oxidation of unlabeled glucose than of glucose. 
1-D. (For a discussion of an analogous effect, cf. Talalay et al. (4).) If 
the oxidation of glucose could be run to completion, such an effect of dis- 
crimination could be avoided, but it was not practically feasible to carry 


TABLE II 
Direct Transfer and Steric Specificity 
Lactate* Nicotinamide 
Reductant Oxidant Atom Atom 


per cent/n ution! D per cent! nition! D 
per per | mole. 
exCess | factor | mole- factor | mole- 


(cor- 
found rected) 


Glucose-1-D; DPN?t; unlabeled | 0.022} 8.78) 0.02t} 0.066) 22.8 | 0.09 
0.214 atom 
of D_ per 
molecule 

Glucose-1-D; DPN?*; unlabeled | 0.014 4.48) 0.007} 0.287) 46.4 | 0.80 | 0.92 
1.01 atoms of 


D per mole- 
cule 
Glucose; unla- | Nicotinamide -4- | 0.038} 29.2 | 0.133} 0.010) 10.1 | 0.006) 0.00 
beled D-DPN?*; 0.136 
atom of D per 
molecule 


* Analyzed as phenacy] lactate. 

t Insufficient phenacy] lactate (portion of sample lost) to obtain two successive 
checks on D analyses. 

t Corrected for incomplete reduction of DPN* by glucose, and for non-enzymatic 
reoxidation of DPNH. Calculations based on amount of DPN* and DPNH found 
by enzymatic analyses at beginning and end of Equations 2 and 3. 


out such an experiment. Instead, the experiment was repeated with a 
sample of glucose-1-D, containing 1 atom of D per molecule. In this ex- 
periment only 0.007 of an atom of D appeared in the lactate and 0.92 of 
an atom appeared in the nicotinamide. This shows that, within the limit 
of error of the determinations, 1 atom of D is transferred from position 1 of 
glucose to the B-para position of the nicotinamide ring of DPN. 

The conclusion regarding the steric specificity of the reaction was con- 
firmed by an experiment in which unlabeled glucose was used to reduce 
DPN which already contained 0.136 atom of D per molecule in the para 
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position of the nicotinamide ring. If H is transferred from glucose to the 
-para position, the D already in the nicotinamide should occupy the @ 
position and so be transferred to pyruvate to form deuterolactate. The 
data in Table II show that the expected results were obtained, 7.e. within 
the limits of error of the determinations, all the D originally in the nicotin- 
amide ring of DPN+ appeared in the lactate, and virtually no D was left 
in the nicotinamide ring of DPN* after reduction by glucose and reoxida- 
tion by pyruvate. This experiment also confirmed the conclusion of San 
Pietro (14) that D enters the para position of the nicotinamide ring of 
DPN when the cyanide complex is formed and dissociated in D.O. The 
major sources of error in the data given in Table II are the corrections 
applied to the D content of the nicotinamide. 


EXPERIMENTAL 


Reduction of DPN by Glucose in DxO—600 mg. of tris(hydroxymethy]l)- 
aminomethane and 5 mg. of the disodium salt of Versene were dissolved 
in 4.5 ml. of D20O; 60 mg. of DPN+ were added, and the pH was adjusted 
to 8.0 (or 7.0) with solid tris(hydroxymethyl)aminomethane and concen- 
trated HCl. 2 gm. of anhydrous p-glucose were added and the volume was 
adjusted to 18.0 ml. with DO. 2.5 ml. of a solution containing 2800 units 
of glucose dehydrogenase per ml. were added to start the reaction, the 
course of which was followed by removing small aliquots at intervals, dilut- 
ing with appropriate volumes of H.O, and determining the optical density 
at 340 my with a Beckman spectrophotometer. After 30 minutes, when 
the reaction had proceeded nearly to completion, the enzyme was inacti- 
vated by heating to 100° for 2 minutes. The solution was cooled rapidly 
and assayed for DPN*+ and DPNH with alcohol dehydrogenase (1) and 
the D,O was removed by drying from the frozen state. The solids were 
taken up in H2O, and the lyophilization was repeated. The sample was 
redissolved in water, and the DPNH was oxidized by addition of 30 ul. of 
a suspension of lactic dehydrogenase, and an amount of sodium pyruvate 
equivalent to the amount of DPNH present. To insure that the reaction 
should be carried to completion with addition of only a minimum of excess 
pyruvate, the pyruvate was added in aliquots and the course of the oxida- 
tion was followed by measurement of optical density at 340 mu, as de- 
scribed above for the reduction of DPN by glucose. These measurements 
showed that 48.2 umoles of DPNH were oxidized, and this was taken as a 
measure of the amount of lactate formed. 50.0 mg. (515 umoles) of diluent 
lithium L-lactate were added and the pH was adjusted to 2 to 3 with 
H,SO,. The lactic acid was extracted with ether and converted to the 
phenacy! derivative. The aqueous residue from the ether extraction was 
adjusted to pH 8 to 8.5 with 1.0 n NaOH, and the DPN?* was isolated by 
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adsorption on, and elution from, a Dowex 1 formate column (17). The 
portion of the eluate which contained the DPN was lyophilized, taken up 
in water, and the DPN+ was hydrolyzed completely by addition of 
DPNase. Enzymatic analysis showed that 14.0 umoles of DPN+ were 
hydrolyzed. The enzyme was heat-inactivated and 48.2 mg. of diluent 
nicotinamide were added. The sample was dried by lyophilization and 
the nicotinamide extracted with boiling benzene, from which it crystallized 
in the cold; m.p. 129-129.5°. 

Reduction of DPN*+ by Glucose in HxO—The experiments in which glu- 
cose-1-D was employed to reduce unlabeled DPN, and the experiment in 
which labeled DPN was reduced with unlabeled glucose, were all carried 
out by a procedure essentially similar to that used for the reduction in 
D.O, except that the reaction mixture was made up in H.O and the removal 
of D.O by lyophilization was, of course, omitted. In these experiments 
also, only half the amount of glucose and somewhat larger quantities of 
DPNt were employed, compared to the amounts of these reagents used in 
the experiment in D,0O. Special precautions were taken to get accurate 
analyses of the amounts of DPN+ and DPNH present at the beginning 
and the end of the various reactions. In the final experiment the nicotin- 
amide was isolated by continuous extraction of the aqueous phase with 
benzene, in the same way that lactic acid is extracted with ether. This 
procedure made lyophilization prior to benzene extraction unnecessary and 
gave better recovery of nicotinamide. 


SUMMARY 


Deuterium has been used as a tracer to show that the reaction catalyzed 
by glucose dehydrogenase from beef liver proceeds with a direct transfer 
of H from the C-1 atom of glucose to the para or 4 position of the nicotin- 
amide ring of DPN. The steric specificity of the reaction for DPN was 
shown to be 8; 7.e., the glucose dehydrogenase reaction involves H transfer 
to the opposite side of the ring from that utilized in the reactions catalyzed 
by yeast alcohol dehydrogenase and muscle lactic dehydrogenase. This 
was demonstrated by showing that D transferred enzymatically to DPN 
from glucose was retained in the nicotinamide ring after enzymatic reoxida- 
tion of the reduced DPN by pyruvate. In contrast, D initially present 
in the para position of the nicotinamide ring of oxidized DPN was trans- 
ferred to lactate after enzymatic reduction of the DPN+ with unlabeled 
glucose, and enzymatic reoxidation of the reduced deutero DPN with 


pyruvate. 
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CHEMICAL MODIFICATION OF THE 
SOY BEAN HEMAGGLUTININ* 


By IRVIN E. LIENER anp SHOHACHI WADA 


(From the Department of Agricultural Biochemistry, University of Minnesota, 
St. Paul, Minnesota) 


(Received for publication, January 30, 1956) 


Proteins which have the curious property of agglutinating red blood cells 
have been isolated from a number of leguminous plants including the jack 
bean (1), castor bean (2), soy bean (3), Lima bean (4), and kidney bean 
(5). Essential to a better understanding of the mode of interaction be- 
tween these plant hemagglutinins (phytohemagglutinins) and red blood 
cells is a knowledge of the reactive groups which participate in this phe- 
nomenon. In the present investigation, purified soy bean hemag- 
glutinin (SBH),’ which has been the object of previous studies in this 
laboratory (6-9), was subjected to chemical modification as a means of 
determining which groups are essential to its hemagglutinating action. 


EXPERIMENTAL 


Materials—Purified SBH was prepared from defatted soy bean flour by 
a procedure which has been described previously (7). This preparation 
was found to be electrophoretically homogeneous, although sedimentation 
patterns revealed the presence of less than 5 per cent of a low molecular 
weight impurity. Various derivatives of SBH were prepared by the tech- 
niques described below. Control experiments, in which the conditions of 
the reaction were duplicated except for the group-specific reagent, were 
run concurrently to correct for losses in activity not attributable to modifi- 
cation of the reactive groups. In no instance was the loss in activity in 
the control experiments greater than 10 per cent. In all cases, the SBH 
derivatives and controls were isolated by thorough dialysis against dis- 
tilled water (2 to 3 days at 4°) followed by lyophilization. Any material 
that remained insoluble after dialysis was removed by centrifugation prior 
to lyophilizing. 

*Paper No. 3492, Scientific Journal Series, Minnesota Agricultural Experiment 
Station. A report of work done under contract with the United States Department 
of Agriculture and authorized by the Research and Marketing Act of 1946. The 
contract is being supervised by the Northern Utilization Research Branch of the 
Agricultural Research Service. The mention of products of companies is not to be 
construed as an endorsement of these products or firms by the United States Depart- 


ment of Agriculture. 
! Previously referred to as ‘‘soyin;’’ see, however, footnote 1 of Liener and Seto (6). 


695 


XUM 


= 


696 SOY BEAN HEMAGGLUTININ 


Acetic anhydride was used to acetylate SBH by the procedure recom. 
mended by Fraenkel-Conrat et al. (10). A 5 per cent solution of SBH in 
0.5 saturated sodium acetate containing acetic anhydride at final concen- 
trations ranging from 2.5 to 10.0 per cent was allowed to stand at 0° for 49 
to 60 minutes (Preparations 1 to 6 in Table I). 

SBH was treated with carbobenzoxy chloride or p-chlorobenzoy] chloride 
according to the method used by Miller and Stanley for the modification 
of tobacco mosaic virus (11). A 1 per cent solution of SBH in 0.2 m phos. 
phate buffer, pH 8.4, containing 0.1 per cent carbobenzoxy chloride, was 
allowed to react at 26° for 45 minutes or at 13° for 100 minutes (Prepara- 
tions 7 and 8, Table I). The reaction with p-chlorobenzoyl] chloride was 
performed in an analogous fashion except at 15° for 80 minutes. 

Dinitrophenyl-SBH was prepared by allowing SBH to react with 2,4 
dinitrobenzenesulfonic acid under conditions in which denaturation is 
minimized (12). 5 ml. of a 2 per cent solution of SBH were treated with 
10 ml. of 0.1 m bicarbonate buffer, pH 10, containing 0.3 gm. of 2 ,4-dini- 
trobenzenesulfonic acid. The mixture was shaken for 20 hours at room 
temperature (Preparation 9, Table I). 

A 5 per cent solution of SBH in 0.75 o acetate buffer, pH 4.2, was treated 
with 0.1 volume of 10 m NaNO». After 15 minutes at room temperature, 
the reaction was terminated by adding a large excess of pL-alanine (10). 

A 1 per cent solution of SBH in 0.1 m phosphate buffer, pH 7.6, contain- 
ing 2 per cent formaldehyde was prepared (10). This mixture was allowed 
to stand at room temperature for 18 hours. This procedure, however, 
gave an insoluble product which could not be tested for activity. 

Iodination was performed under alkaline conditions as recommended by 
Hughes and Straessle (13) for substitution in the tyrosine residues of serum 
albumin. To a 2 per cent solution of SBH in 1 m bicarbonate buffer, pH 
9.3 or 9.5, was added 0.5 ml. of 0.1 N I2-KI solution while the reaction 
mixture was maintained at 0° in an ice bath. The end of the reaction was 
indicated by decolorization of the iodine which occurred in about 10 min- 
utes (Preparations 10 and 11, Table II). Treatment of SBH with iodine 
was also performed in 0.6 m phosphate buffer, pH 5.9, at room tempera- 
ture by successive additions of iodine solution until no further decoloriza- 
tion occurred (10) (Preparation 12, Table IT). 

SBH was coupled to p-diazobenzenesulfonic acid by adding 2.5 ml. of a 
1 per cent solution of this reagent to 10 ml. of a 1 per cent solution of SBH 
dissolved in 0.3 m phosphate buffer, pH 7.6. Then reaction was allowed 
to proceed at room temperature for 30 minutes (Preparation 13, Table II). 

A 2 per cent solution of SBH was treated with 0.2 volume of 0.5 m iodo- 
acetamide or 6 X 10-* m p-chloromercuribenzoate at room temperature for 
2 hours or 30 minutes, respectively. ‘These reactions were also conducted 
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under the same conditions in the presence of 8 m urea or 6 M guanidine 
hydrochloride. 

Esterification was attempted by allowing a 1 per cent solution of SBH 
in methanol containing 0.1 m HCI to stand at —5° for 24 hours (14). This 
treatment, however, produced an insoluble precipitate which could not be 
redissolved for activity determinations. 

SBH, from which the C-terminal amino acids had been removed by diges- 
tion with carboxypeptidase,” * was prepared by the procedure described 
by Locker (15) for myosin. SBH and the enzyme in a molar ratio of 1600:1 
were incubated at 37° for 15 minutes. The free amino acids were adsorbed 
on Dowex 50, and the residual protein solution was lyophilized. Chroma- 
tographic analysis of the free amino acids liberated by carboxypeptidase 
revealed the presence of aspartic acid, glutamic acid, alanine, and leucine 
or isoleucine. 

Assay Methods—The hemagglutinating activity of SBH and SBH deriva- 
tives towards trypsinated red blood cells (rabbit) was determined accord- 
ing to a photometric procedure already described (16). The toxicity was 
determined on the basis of the minimal lethal dose, that is the least amount 
of the material which was lethal within 3 days when a single dose was in- 
jected intraperitoneally into young weanling rats. At least three animals 
were employed at each level tested. In the case of those derivatives in 
which the toxicity had been considerably reduced, the minimal lethal dose 
could not be definitely established because of the large amounts of material 
that would have been required to produce death. 

Free amino groups were determined by the method of Van Slyke (17). 
The a- and e-amino groups were roughly differentiated on the basis of the 
3 and 30 minute readings, respectively. A more precise differentiation be- 
tween the a- and e-amino groups was obtained by treating SBH and its 
derivatives with dinitrofluorobenzene according to the method of Sanger? 
(18). The dinitrophenyl (DNP) proteins were hydrolyzed and extracted 
with ether (19), and the a- and e-DNP-amino acids in the ether and aqueous 
fractions, respectively, were separated by paper chromatography (20, 21). 
Spectrophotometric analysis of the eluate of the spot corresponding to 
«-DN P-lysine was used to estimate the lysine content of SBH and its deriva- 
tives. The e~-DNP-lysine content of DNP-SBH, prepared by the reaction 
of SBH with 2,4-dinitrobenzenesulfonic acid, was also estimated directly 
by the absorbance of the intact protein at 365 my (22). 

The tyrosine content of acid hydrolysates of SBH and SBH derivatives 


*Purchased from the Worthington Biochemical Corporation, Freehold, New 
Jersey. 

*A detailed study of the end groups of SBH is currently under investigation and 
will be reported later. 
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was determined by the Millon reaction as modified by Grau (23). The 
3,5-diiodotyrosine content of iodinated SBH was calculated on the basis 
of the absorbance at 312 my of a solution of the intact protein in 0.1 y 
NaOH (13, 24). A direct comparison was made with an authentic sample 
of 3 ,5-diiodotyrosine* under the same conditions. 

Sulfhydryl groups® were determined by amperometric titration with silver 
nitrate (25) or o-iodosobenzoate (26). 


TABLE I 


Effect of Modifying Free Amino Groups on Hemagglutinating 
Activity and Toxicity of SBH 


Decrease Lysine | De- Loss in| | 
Reagent and conditions in amino Ni ‘per | crease 
SBH | tysine |, ating 
per | per mg. per 
cent | moles |per cent | per cent 
Unmodified* 0; O| 26T 0 0 35 
1 Acetic anhydride, 2.5%; 40 min. 50 | 0 3 4] 
2 5.0%; 40 60 0 5 47 
3 7.5%; 40 60 | 20 7 50 
4 7.5%; 60 68 | 33 23 81 
5 ee Hy 10.0%; 40 ‘‘ 68 | 40 81 >250 
6 10.0%; 60 ‘* 76 | 47 | 15t | 43 83 | >375 
7 Carbobenzoxy chloride, 13°, 100 min. | 58/ 0 5 39 
8 we " 26°,45 ‘* 88 | 57 92 | >236 
9 | 2,4-Dinitrobenzenesulfonic acid 56 | 30 | 20f | 23 20 92 
18t | 31 


* Found to contain 5 and 30 moles of a- and e-amino groups, respectively, per mole 
of SBH. 

t Based on the reaction with dinitrofluorobenzene. See the text for the details. 

t Based on absorbance of intact protein at 365 my (22). 


Kjeldahl nitrogen was used to calculate the protein content (N X 6.25) 
of all solutions containing SBH or its derivatives. A molecular weight of 
100,000 (7) was assumed in all cases for the purpose of expressing the re- 
sults on a molar basis. 


RESULTS AND DISCUSSION 


Modification of Amino Group—In Table I are presented the data per- 
taining to the chemical modification of the free amino groups of SBH. It 


4 A product of the Eastman Kodak Company, Rochester, New York. No impuri- 
ties were revealed by paper chromatography. 

6 The authors are indebted to Dr. Robert Jenness and Mr. Marion Zealey for these 
determinations. 
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is evident that the a-amino groups of SBH are more readily acylated than 
the «amino groups. Similar findings have been reported by Green et al. 
(27) for collagen and by Reid (28) for the growth hormone. For this reason 
it was not possible to acylate selectively the e-amino groups without affect- 
ing the a-amino groups as well. As much as 60 per cent of the a-amino 
groups could be acetylated (Preparation 2) or substituted with CsHsCH:- 
OCO— (Preparation 7) without modifying the e-amino groups. The 
hemagglutinating activity or toxicity of such preparations, however, was 
only slightly reduced. Since treatment of SBH with concentrations of 
acetic anhydride equal to or greater than 7.5 per cent (Preparations 3 to 
6) or with carbobenzoxy chloride (Preparation 8) caused decreases in both 
the a- and e-amino groups, it becomes difficult to decide which effect (or 
perhaps both) is responsible for the resulting loss in activity. If one com- 
pares, however, the a-amino content of the dinitrophenylated specimen 
(Preparation 9) with an active, acetylated sample (Preparation 2), it does 
not seem likely that the partial loss in the activity of the former could be 
due to its decrease in a-amino groups, since both samples have approxi- 
mately the same number of free a-amino groups. It is more reasonable to 
attribute the observed loss in activity to a modification of the e-amino 
groups. 

That the e-amino groups had in fact been acetylated or dinitrophenylated 
was likewise indicated by the observed residual lysine content of Prepara- 
tions 6 and 9 as measured by their reaction with dinitrofluorobenzene. 
From the absorbance of DNP-SBH at 365 mu (22) a residual lysine value 
of 18 moles per mole of SBH was calculated which was in good agreement 
with a value of 20 obtained by the reaction with dinitrofluorobenzene. 
The amount of a-DNP-amino acids produced by dinitrophenylation of 
SBH derivatives was not determined, but the intensity of their spots when 
chromatographed (20) was considerably less than in the case of unmodified 
SBH subjected to the same treatment.® 

Not included in Table I are the data obtained with SBH which had been 
treated with NaNO. or p-chlorobenzoyl chloride. Analysis for amino 
groups revealed that such preparations had undergone little or no detecta- 
ble loss in amino groups, nor was there any significant reduction in hemag- 
glutinating activity or toxicity. 

Modification of Phenol Groups—Data pertaining to the chemical modifi- 
cation of the phenol residues of SBH by iodination or coupling with p-diazo- 
benzenesulfonic acid are shown in Table II. In agreement with the experi- 
ence of most workers (13, 29), iodination of the phenol group was found to 
occur most readily in alkaline solution. Based on the reduction in tyrosine 


* Based on its reaction with dinitrofluorobenzene, the N-terminal amino acids of 
SBH have been provisionally established as alanine, aspartic acid, glutamic acid, 
and valine. 
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content, about one-third of the tyrosine residues could be todinated, a rene. 
tion which was accompanied by a considerable loss in hemagglutinating 
activity and toxicity. The close correspondence of the absorption spectra 
of iodinated SBH and 3 ,5-diiodotyrosine (Fig. 1) may be taken as evidence 
that the phenolic residues of SBH had been iodinated in the 3,5 positions, 
Based on the experimental data accompanying Fig. 1, the 3 , 5-diiodotyrosine 
content of Preparations 10 and 11 was calculated as 6.5 moles per mole of 
iodinated SBH or a residual tyrosine content of 12.5 moles. The latter 
value is in good agreement with the values of 13 and 14 obtained by direct 


TABLE II 


Effect of Modifying Phenol Groups on Hemagglutinating 
Activity and Toxicity of SBH 


Reagent and conditions per mole go lethal dose 
moles per cent per cent 
Untreated 19 0 0 35 
10 I,-KI, pH 9.3 13 32 66 > 222 
12.5* 37 
11 I,-KI, pH 9.5 14 26 82 > 192 
12.5* 37 
12 I,-KI, pH 5.9 19 0 0 42 
13 p-Diazobenzenesulfonic acid 12 37 86 > 263 
10T 47 


* Based on the 3,5-diiodotyrosine content as measured by the absorbance of the 
intact proteins at 312 my (see Fig. 1). 

+t Based on the number of azo groups per mole of SBH as measured by the absorb- 
ance of the intact protein at 325 mu (see Fig. 2). From considerations given in the 
text, one azo group per mole of tyrosine has been assumed. 


chemical analysis of these preparations. Since no absorption maximum 
at 305 my could be detected, monoiodotyrosine must be present in very 
small amounts if at all (30). The absence of iodinated histidine was indi- 
cated by the failure to detect any significant decrease in histidine as meas- 
ured by the method of Lang (31). 

The coupling of SBH with p-diazobenzenesulfonic acid caused a 37 per 
cent decrease in chemically measurable tyrosine and an 86 per cent loss in 
hemagglutinating activity. In view of the known reactivity of the indole, 
imidazole, and amino groups with diazonium salts (32), it became necessary 
to determine whether these groups had also been affected by the coupling 
reaction. An examination of the absorption spectrum of the azo derivative 
of SBH showed only one peak of maximal absorption at 325 to 330 mp 
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(Nig. 2). According to Higgins and Fraser (33), an absorption maximum 
at this wave length is characteristic of the monoazo derivative of tyrosine 
and serves to differentiate it from diazotyrosine and the azo derivatives of 
other amino acids. If a molecular extinction coefficient of 26,000 is as- 
sumed for the azo group of proteins coupled with diazonium salts (34), a 
value of 8.8 azo groups per mole of azo-SBH can be calculated from the 
data presented in Fig. 2. Assuming that each azo group corresponds to 


3, 5-Diiodotyrosine 
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Fic. 1. The absorption spectra of iodinated soy bean hemagglutinin (Preparation 
10) and 3,5-diiodotyrosine dissolved in 0.1 N NaOH. The concentration of 3,5-di- 
iodotyrosine and soy bean hemagglutinin was 0.05 mg. per ml. and 0.81 mg. of protein 
(N X 6.25) per ml., respectively, and the corresponding absorbance values at 312 
my were 0.620 and 0.303 (corrected for the absorbance of the unmodified protein). 
The results obtained with Preparation 11 were identical to those shown here. 


1 tyrosine residue, there would be about ten unsubstituted tyrosine groups 
compared to the value of twelve obtained by direct chemical analysis. 

Since the hydroxyl groups of the tyrosine residues of proteins are some- 
times acetylated as well as the amino groups (29), the acetylated deriva- 
tives of SBH shown in Table I were analyzed for the presence of hydroxyl- 
substituted phenol groups by Folin’s reagent under the conditions specified 
by Herriott (35). The tyrosine values of these derivatives were substan- 
tially the same as those in the unmodified protein, indicating little, if any, 
substitution of the hydroxyl group. 

In addition to the deaminating action of nitrous acid on the free amino 
groups of proteins, this reagent has been known to diazotize the phenolic 
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residues of some proteins (29). The SBH preparation which had been 
treated with NaNO, at pH 4.2 was analyzed for diazo groups by its absorp. 
tion at 412 my, or at 510 my after coupling with e-naphthol in alkaline solu. 
tion (36), Both of these teats indicated that the phenolic residues of SBH 
had remained unaffected by treatment with HINO, It will be recalled 
that this preparation was also fully active with respect to hemagglutinating 
activity and toxicity. 

Miscellancous Observations Samples of SBEL which had treated 


Azo Derivative of 
Soybean Hemagglutinin 


Absorbance 


O 
200 350 450 
Wave Length (my) 


Fic. 2. The absorption spectrum of the azo derivative of soy bean hemagglutinin 
(Preparation 13) dissolved in 0.2 n NaOH (corrected for the absorption of the un- 
modified protein). The concentration of protein (N X 6.25) was 0.25 mg. per ml. 


with iodoacetamide or p-chloromercuribenzoate were found to be as fully 
active as unmodified SBH. The preparation of these derivatives proved 
to be uninformative, however, since SBH was subsequently found to be 
devoid of detectable —SH groups even when denatured by urea or guani- 
dine. 

SBH divested of its C-terminal amino acids by the limited action of 
carboxypeptidase was fully active and toxic. The amino acids residing at 
the C-terminal end of SBH are apparently not involved in the interaction 
of SBH with red blood cells. 

The lack of suitable methods for selectively modifying such protein 
groups as guanidine, imidazole, indolyl, and amide has been emphasized in 
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several reviews (29, 37) and has precluded a more extensive study of the 
groups essential for the activity oF SBE, Although the present data clearly 
inplicate the enamine and phenolic groups of SBE as playing an important 
role in the agglutination of red blood cella, the poasbility that other pro- 
tein groups may also be involved cannot be excluded, 


HUMMARY 


A number of derivatives of the soy bean hemagglutinin (SBH) have been 
prepared by reactions involving chemical modification of the amino and 
phenolic residues of the protein. A comparison of the hemagglutinating 
activity and toxicity of such preparations with unmodified SBH has re- 
vealed the essentiality of the e-amino and phenolic groups. On the other 
hand, SBH, from which the C-terminal amino acids had been removed by 
the action of carboxypeptidase, was fully active. 
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PANCREATIC ELASTASE: PURIFICATION, PROPERTIES, 
AND FUNCTION 
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(From the Merck Sharp and Dohme Reasearch Laboratories, 
Merck & Co,, Ine., Rahway, New Jeraey) 


(Received for publication, March 5, 1956) 


The enzyme elastase, characterized by its ability to dissolve elastin, has 
been studied in recent years by Balé and Banga (1). These investigators 
described its occurrence in pancreas, an assay for its determination, and 
work on its purification. Crystallization of the enzyme from beef pancreas 
has been reported by Banga (2), although no studies on homogeneity or 
properties of the crystalline material were described. Several observa- 
tions have suggested a possible implication of elastase or an elastase in- 
hibitor in atherosclerosis. Thus, Balé and Banga (3) noted much lower 
elastase levels in the pancreas of individuals who had suffered from arterio- 
sclerosis than in those of healthy young men. ‘This possible relationship 
of elastase to atherosclerosis led us to a study of the enzyme. 

We wish to record here some observations on the occurrence, purifica- 
tion, enzymatic function, and physical and chemical nature of homogeneous 
porcine elastase. ‘The enzyme from pork pancreas has been isolated as a 
crystalline product that appears upon electrophoresis to be about 80 per 
cent pure. Although recrystallization failed to change the composition of 
the mixture, the pure enzyme has been obtained free of its inert contami- 
nant by preparative electrophoresis. Findings relating to atherosclerosis 
will be described elsewhere. 


EXPERIMENTAL 
Isolation 


Preparation of Elastin—The elastin which served as substrate in the 
elastase assay was prepared by a method similar to that described by Banga 
(2). However, the dissected tissue was ground in a Wiley mill while frozen 
in dry ice, instead of being minced in a meat chopper and homogenized in 
a blendor. Also, when needed, the rather coarse elastin was ground by 
hand to a thick paste in a mortar rather than mechanically. The paste 
was suspended in sufficient NazCO;-HCl buffer, pH 8.8, so that each ml. 
of suspension contained approximately 20 mg. of elastin (dry weight). In 
order that different batches would give comparable results in the assay, 
each newly ground preparation was compared with the previous one before 
use and reground if necessary. 
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Elastase Assay—A gravimetric assay by the method of Banga (2) was 
employed for the measurement of elastase activity. However, the method 
was modified to utilize a sodium carbonate-hydrochloric acid buffer, '/2 = 
0.1, pH 8.8, and the buffer volume increased to 5 ml. 

The assay was carried out by pipetting 1 ml. of an elastin suspension into 
a 15 ml. centrifuge tube weighed with a stopper. ‘The enzyme prepara. 
tion, dissolved in carbonate buffer and dialyzed against the buffer, was 
added and the volume made up to 5 ml. with more buffer. ‘Three different 
enzyme concentrations were usually tested. The rack of tubes was placed 
in a water bath at 37° for the assay period, the elastin being kept in sus. 
pension by manual stirring with an individual glass rod in each tube, After 
exactly 0.5 hour, the tubes were centrifuged and the supernatant fluid dig 
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Fic. 1. Standard curve for the elastase assay. The crystalline elastase solution 
contained 0.08 mg. per ml. The concentration of the crude enzyme solution was 0.3 
mg. of the protein per ml. 


carded. The residual elastin was washed with ethanol and the tubes were 
then dried at 110° for 5hours. After cooling in a desiccator, the tubes were 
stoppered and weighed. Two control tubes containing only elastin and 
buffer were treated in the same manner. The activity of a preparation 
was calculated from Banga’s (2) definition of an elastase unit as the quan- 
tity of enzyme necessary to dissolve 1 mg. of elastin in 0.5 hour. 

As indicated in Fig. 1, the approximately linear relationship between 
enzyme concentration and the amount of elastin dissolved is valid only to 
the point where 70 per cent of the substrate is dissolved. Therefore, when 
20 mg. of elastin are used in the assay, at least 6 mg. must remain undis- 
solved. 

Protein Determination—The biuret method of Gornall et al. (4) was em- 
ployed routinely for protein determinations. The biuret reagent was 
standardized against enzyme fractions, and as the fractionation progressed 
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the reagent was checked again. Dry weight determinations on samples 
dialyzed free of salt were used as the primary standard. 

Fractionation Procedure—Starting material for the preparation of crys- 
talline elastase was either Pancreatin (Merck)! or Trypsin 1-300,’ hog 
pancreas being the original source of both preparations. Variation be- 
tween batches was small. All processes except dialysis were carried out 


TABLE I 
Fractionation Data 


| 
braction Weight of protein | Specific activity | ‘Total units 


1400 


gm per me 
Starting material 4.6 460,000 
Acetate extract 22 
19% (NH ppt. v4 24.0 226,000 
Kuglobulins 4.0 71.0 213,000 
46% ppt... 0.98 88.0 86,000 
Crystalline mixture. 0.62 106 63,000 
Slow component...................... 132 
Pancreatin 
Starting material..................... 500* 0.49 240,000 
45% (NH,)2SO, ppt................... 3.1 28.0 87 ,000 
35% (NH4)2SO,q 0.97 57.0 55,000 
Crystalline mixture.................. 0.37 112 42,000 
Slow component...................... 128 
* Total solids of the preparation. 
at 5° in a cold room, dialysis being performed at 10-15°. ‘Table I sum- 


marizes the fractionation data. 

Trypsin 1-300—100 gm. of Trypsin 1-300 were stirred with 500 ml. of 
sodium acetate buffer, pH 4.5, [/2 = 0.1, for 0.5 hour and then centrifuged 
at 2000 r.p.m. for 45 minutes. The supernatant fluid was decanted and 
saved and the residue was again extracted with 500 ml. of acetate buffer. 
The two solutions were pooled and the acetate-insoluble material was dis- 


carded. 


1U.S. P. powder, Merck and Company, Inc., Rahway, New Jersey. 
? Nutritional Biochemicals Corporation, Cleveland, Ohio. 
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The extract was brought to 45 per cent saturation with solid ammonium 
sulfate and allowed to stand for 0.5 hour. The precipitate was removed 
by centrifugation and washed with three 150 ml. portions of acetate buffer 
45 per cent saturated with ammonium sulfate. This washing removed a 
great deal of colored material. The precipitate was then dissolved in 400 
ml. of Na2,CO3-HC] buffer, pH 8.8, and the solution dialyzed against run- 
ning water for 16 hours. 

The white euglobulin precipitate formed during the dialysis was col- 
lected by centrifugation, and the supernatant solution was discarded. The 
euglobulins were washed twice with 75 ml. portions of distilled water and 
then suspended in 100 ml. of water. Solid ammonium sulfate was slowly 
added until 35 per cent saturation was reached and, after 0.5 hour, the re- 
sulting precipitate was centrifuged and washed twice with 50 ml, portions 


Fic, 2. Crystalline elastase (750 xX) 


of 35 per cent ammonium sulfate solution. The washed precipitate was 
dissolved in 20 ml. of carbonate buffer, pH 8.8, and centrifuged clear. A 
saturated solution of ammonium sulfate was added dropwise until cloudi- 
ness appeared and the solution was allowed to stand at least 24 hours. 
Crystallization usually occurred during this time. It was occasionally un- 
necessary to use ammonium sulfate to induce crystallization from the car- 
bonate buffer solution since crystals formed spontaneously upon standing. 
The crystals were centrifuged and washed twice with 25 ml. portions of 35 
per cent ammonium sulfate solution. 

The crystalline material was quite insoluble in water and only slightly 
soluble in buffers in the range of pH 5to9. The product was recrystallized 
by suspending about 15 mg. in 1 ml. of pH 10 glycinate buffer and adding 
0.1 N NaOH dropwise until the material dissolved. The solution was then 
dialyzed immediately against carbonate buffer, pH 8.8. Crystallization 
occurred within 12 hours (Fig. 2). 
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Electrophoretic analysis of the product, either after the first crystalliza- 
tion or after repeated crystallizations, revealed at several pH values a slow 
moving major and a fast moving minor component. Separation of the two 
substances was carried out with an Aminco portable electrophoresis ap- 
paratus (65 ml. cell) in a glycine-NaOH buffer, pH = 10, T/2 = 0.1. A 
feld strength of 1.4 volts cm.— for 17 hours was used. The individual 
components were removed with a long needle attached to a motor-driven 
syringe. ‘The slow moving major component, elastase, had a mobility of 
—0.8 X 10-5 cm.? sec.—! volt in this experiment. The minor fast moving 
constituent of the crystalline product showed a mobility of —4.8 « 107° 
em.? sec.~! volt! and was entirely devoid of elastolytic activity when as- 
sayed at 0.7 mg. per tube. 

Pancreatin—A_ 500 gm. quantity of pancreatin was carried through the 
fractionation procedure described under ‘“lrypsin 1-300” to the point 
where the 35 per cent ammonium sulfate precipitate had been washed and 
dissolved in Carbonate baller, ‘The carbonate solution was then dialyzed 
for 16 hours against water to remove the ammonium sulfate, The pre 
apitate waa then removed by centrifugation and dissolved in 50 ml, of 
percent sodium chloride, "To this solution, 05 per cent ethanol was added 
slowly with stirring until the ethanol concentration reached 10) per cent 
(v/v). The precipitate that formed was removed by centrifugation and 
the supernatant solution was then brought to 17 per cent with additional 
ethanol. The precipitate was centrifuged and dissolved in 25 ml. of car- 
bonate buffer, pH 8.8, and the solution, dialyzed against carbonate buffer 
to remove the ethanol, was made to 15 per cent saturation with solid am- 
monium sulfate. A saturated solution of ammonium sulfate was then 
added dropwise until a faint cloudiness was observed. After standing 1 
hour, a silkiness was noted in the solution, and overnight a heavy crystal 
growth formed. 

It was observed later that the ethanol fractionation could be eliminated 
by addition of seed crystals to the solution of the product of the preceding 


step, crystallization then occurring in approximately 12 hours. In either 


case, the resulting crystals were washed and recrystallized as described. 
The crystalline product from pancreatin showed the same behavior on 
electrophoresis as that isolated from Trypsin 1-300. 


Physical and Chemical Studies 


Elastase Samples—Two samples of elastase were used in the following 
studies: the crystalline enzyme containing approximately 80 per cent 
elastase and 20 per cent of an elastolytically inert protein contaminant, and 
pure elastase prepared from the crystalline product by electrophoresis. 
The key studies, as indicated below, were made on the pure sample. 
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Electrophoretic and Diffusion Studies—Analytical electrophoresis was 
carried out in a 2 ml. cell with a Perkin-Elmer Tiselius electrophoresis ap. 
paratus, model No. 38. Photographs were obtained by a modified Longs. 
worth scanning method. The electrophoresis buffers of Miller and Golder 
(5) were used and mobilities were calculated from the descending boundary 
of the pure enzyme and conductivity measurements were made on the buffer 
solution alone. 

The diffusion constant of the pure preparation was measured in the same 
apparatus used for the electrophoretic runs at 4° in the pH 10 glycinate 
buffer, and was corrected to water as solvent at 20°. The maximal height- 
area method was used to calculate the diffusion constant. 

Ultracentrifugal Analysis—The ultracentrifugation was carried out on 
pure elastase with a Spinco model E analytical ultracentrifuge. The Miller 
and Golder (5) buffer, pH 10, '/2 = 0.1, was employed. The sedimenta- 
tion constant was corrected to water at 20° as solvent by using experimen- 
tally determined viscosity and density values. 

Partial specific volume determinations were made with a micro pycnom- 
eter of approximately 0.15 ml. volume weighed to +0.01 mg. ‘The pure 
enzyme was dissolved in glycinate buffer, pH 10, and measured at 22°, 


Mnzymatic Studies 


pH Stability stability of the crystalline enzyme in the range from 
pli 2 to 12 at intervals of 1 pH unit was studied by employing the electro. 
phoresis buffera of Miller and Golder (5). Solutions of the enzyme in the 
buffers were allowed to stand at 5° for 24 hours and were then brought to 
pH 8.8 + 0.05 for assay. 

pH-Actinity Curves—In determining elastase activity at various pH val- 
ues, both the electrophoresis buffers of Miller and Golder (5) and those of 
Vogel (6) were used with identical results. In each case, the buffers had a 
final ionic strength of 0.1. Because of the large temperature coefficient, 
the pH of each buffer solution was measured at 37° with a glass electrode. 
Crystalline elastase was added as a water suspension and the assay carried 
out as usual. 

Inhibition and Activation Studies—Stock solutions of suspected inhibitors 
or activators in pH 8.8 carbonate buffer were added to the assay tubes to 
give the desired molarity. The pH was adjusted to 8.8 whenever neces- 
sary. Crystalline elastase was added as a solution in carbonate buffer 
and the usual assay procedure followed. 

Preparations of the dialyzable pancreatic elastase inhibitor were made 
from fresh beef pancreas. ‘The ground tissue was extracted with 5 volumes 
of acetate buffer, pH 4.5, for 1 hour at 5° and the extract was separated 
by centrifugation and dialyzed against 10 volumes of water for 24 hours. 
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The dialysate was then concentrated in vacuo at 35° to the volume of the 
original extract. Aliquot portions of the concentrated dialysate were ashed 
and the ash dissolved in carbonate buffer, pH 8.8, to restore the original 
volume. 

Protein Substrate Studies—The proteins used to test the substrate speci- 
ficity of elastase were denatured by heat, ground, and suspended in car- 
bonate buffer, pH 8.8. The assay was carried out under the usual condi- 
tions. 

Fresh cow milk was used in the coagulation tests. Approximately 0.1 
mg. of electrophoretically purified elastase was added to 10 ml. of the 
milk and the mixture incubated at 37° for 15 minutes. 

Pancreatic Juice Studies—Pancreatic juice was obtained from the dog, 
eat, and chicken by cannulation of the pancreatic duct and was used un- 
treated for the assay. The usual assay was employed except that the in- 
cubation period had to be extended to 1.5 hours so that a significant amount 
of elastin would be dissolved. 

Extraction of Human Pancreas—Frozen tissue was thawed and homoge- 
nized in a blendor with 3 volumes of acetate buffer, pH 4.5. The homog- 
enates were centrifuged, the supernatant fluids were filtered, and the clear 
filtrates dialyzed against Na,CO s-HCl buffer, pH 8.8. The usual 4 hour 
assay period had to be extended to 2 hours, and the calculated values for 
specific activity should therefore be regarded as only approximate, 


RESULTH AND DINCUBBION 


An attempt to isolate crystalline elastase from beef pancreas by Banga’s 
method (2) was unsuccessful, although material of approximately 20 per 
cent purity (by assay) was obtained, ‘This method, along with the use of 
fresh beef pancreas as starting material, was abandoned when it was found 
that commercial hog pancreatin and trypsin preparations were relatively 
rich sources of elastase and that fractionation of these sources was much 
simpler. ‘The pancreatin preparation used contained about 0.5 per cent of 
elastase. Recrystallized trypsin had no elastolytic activity, but Trypsin 
1-300 contained some 3 per cent of elastase. Likewise, crystalline chymo- 
trypsin and carboxypeptidase were without effect in the assay. Isolation 
procedures starting with either of these commercial enzyme preparations 
have yielded a crystalline porcine elastase. 

While this work was in progress, Hall (7) and Hall and Gardiner (8) re- 
ported the use of a hog pancreatin for the preparation of crude elastase. 
Their procedure was similar to the early steps of the isolation scheme de- 
scribed here. 

Recrystallized porcine elastase, with a specific enzyme activity of 109 
units per mg., was examined by electrophoresis. The preparation showed 
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an almost immobile major component and a fast moving minor componen; 
at several pH values. These were present in a ratio of approximately 
4:1 and repeated recrystallization at pH 9 did not alter the ratio signif. 
cantly. The two substances were separated by preparative electrophoresis 
and all of the elastolytic activity was found to be associated with the sloy 
moving component. This gave an assay value of 130 units per mg. The 
fast component was elastolytically inactive. 

Both the crystalline two-component preparation and the isolated ming, 
impurity exhibited the solubility behavior of a euglobulin. In contrast to 
this, elastase separated from its accompanying contaminant by electro. 


phoresis had lost its distinctive globulin character and was quite soluble in | 


distilled water. 
There are three lines of evidence in support of the homogeneity of the 
enzyme preparation that has been designated as “pure,” 7.e. the sample 


° ° 
0 1 2 3 4 5 6 7 8 
t x 103 


Kia, 3. Plot of diffusion constant, D, calculated from sedimentation data versus 
time in seconds. The 0 time point is the diffusion constant calculated from free dif- 
fusion data, D is in em.* sec, 


prepared by electrophoresia, First, when subjected to electrophoresis at 
aix different pH values, the sample exhibited only a single symmetrical 
boundary, Second, on ultracentrifugation the preparation formed a single 
aymmetrical peak, Moreover, when the breadth of this peak was analyzed 
in terms of diffusion alone, the diffusion constant so calculated did not drift 
appreciably with time and was close to the constant obtained in free dif 
fusion (Fig. 3). The points at 1920 and 3840 seconds are most, likely low 
because of the difficulty in determining the maximal height of these sharp 
peaks. In the case of an inhomogeneous sample, the diffusion constant 
calculated from the sedimentation boundaries will increase with time, and 
will be larger than that obtained from free diffusion (9, 10). ‘Third, the 
ratio Deo/De, is equal to 0.95, and was calculated from the diffusion 
data which were analyzed in two ways, the maximal height area method 
yielding D,,, and the second moment method giving D2. If the ratio is 
greater than 1, the sample is inhomogeneous (11). 

The question of when to regard a protein preparation as ‘“‘pure” is 4 
delicate one. If the conclusion recently reached by Colvin et al. (12) is 
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accepted, it is impossible to obtain, at least by present methods, a protein 
which would be considered completely homogeneous by standards applied 
to low molecular weight substances. These authors believe that, because 
of the lability and complexity of proteins, all purified protein preparations 
represent a group of closely related molecular species rather than a collec- 
tion of identical molecules. With these reservations in mind, the elastase 
obtained here by preparative electrophoresis may be described as homo- 
geneous. 

The physical and chemical constants for electrophoretically purified 
elastase are given in Table II. A sedimentation constant, se0,., of 2.6 S 


was calculated. This value did not vary significantly over a concentration 


range of 2.2 to 6.6 mg. per ml. Elastase has a diffusion constant (D2o,.) 


TaBLeE II 
Physical and Chemical Constants for Elastase 


Constant Value 


Sedimentation constant, S20,w 
Partial specific volume, Va, 4.125 mg. per ml.; 22°... 


2.68 
9.5 X 10°77 cm.? sec.~! 
0.73 cm.* 


1.2 
Spectroscopically determined metals (crystalline 


enzyme). 


1 tem? ‘Phe apparent partial specific volume wan found 
tobe 0.75 From these constants, a molecular weight of 25,000 
has been obtained for elastase, 

The mobilities of the purified enzyme corresponding to pH 4.0, 6.0, 7.0, 
8.0, 9.5, and 11 were, respectively, 42.1, 41.1, +0.97, +0.68, —0.01, and 
~1.74 & 10-5 see! volt.-'. From these values it can be seen that 
the enzyme has an isoelectric point near pH 9.5. 

Crystalline elastase contained 16.58 per cent nitrogen and 0.5 per cent 
sulfur. Spectrographic analysis revealed about 0.05 per cent each of cal- 
cium and zine and no more than trace amounts (less than 0.01 per cent) of 
other metals. A lyophilized and carefully dried sample of pure elastase 
gave analytical values of 15.99 per cent nitrogen and 0.95 per cent sulfur. 

Elastase was stable for 24 hours at 5° between pH 4 and 12 (Fig. 4). 
Rapid inactivation occurred in more acid solutions. 

When the pH-activity curve for elastase was determined over the range 
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of pH 6.8 to 10 (Fig. 5), three buffer systems were used: phosphate from 
pH 6.8 to 7.3, Veronal from 7.5 to 8.5, and glycinate from 9 to 10. 4 
three-peaked curve was obtained. In the same experiment, a glycinate 
buffer of pH 8.5 was also used in order to compare the degree of hydrolysis 
at the same pH with two different buffers. It was found that the amounts 
of elastin hydrolyzed in the Veronal buffer, pH 8.5, and the glycinate 
buffer, pH 8.5, were quite different. By plotting the glycinate buffer value 
at pH 8.5 instead of the one obtained with Veronal buffer, one of the peaks 
could be eliminated (Fig. 5). 

The pH-activity curve was next determined independently for each of 
three buffers (Fig. 6). A different pH optimum was found for each of the 
carbonate, glycinate, and Veronal buffers, as well as a difference in the 


| PHOSPHATE 
VERONAL 
20+ * GLYCINATE 


T 
° 
° 


PER CENT ELASTIN DISSOLVED 
Ss. 

PER CENT ELASTIN DISSOLVED 


pH pH 
Fia. 4 Fia. 5 


Fig. 4. pH stability of crystalline elastase. The enzyme was allowed to stand at 
the various pH values for 24 hours at 5° and then assayed at pH 8.8 in carbonate buf- 


fer. 
Fia. 5. pH-activity curve for crystalline elastase. 


amount of hydrolysis that took place. ‘The optimum was pH 8.8 in car- 
bonate, pH 8.6 in glycinate, and pH 8.1 in Veronal. ‘Table IIT presents 
quantitative data on the amount of elastin hydrolyzed by a given amount 
of elastase at pH 8.8 in the Veronal, glycinate, and carbonate buffers, 
Hydrolysis was moat efficient in the carbonate buffer and least efficient in 
the Veronal buffer. 

Hall and Gardiner (8) reported a two-peaked pH-nactivity curve for 
elastase and also a variation in the rate of hydrolysis when various buffers 
were used. However, these workers did not believe that the two findings 
were associated. Instead, a second elastolytic enzyme was postulated to 
account for the two maxima in the pH-activity curve. We feel that this 
assumption is not necessary. In agreement with the observations of Hall 
and Gardiner (8), no evidence for a second elastolytic enzyme was noted 
during the fractionation process. 
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The inhibition of elastase by copper (Table IV) may be connected with 
the observed increase in elastase activity when carbonate buffer is used. 
Carbonate is known to overcome inhibition by heavy metals. The different 
pH optima obtained (Fig. 6) may be explained by a difference in buffering 
capacity of the three buffers used. The acid released during hydrolysis of 
elastin (8) may shift the pH to more acid conditions in the cases of the 
carbonate and glycinate buffers, while the Veronal buffer holds the pH at 


CARBONATE 
| * GLYCINATE 
Wi VERONAL 
2 = 
TT) 
3] 7 
4 
10 
8 oH 9 
Fig. 6. pH-activity curves for elastase in individual buffer solutions 
TaBLeE III 
Effect of Buffer on Elastase Activity 
Buffer Elastin dissolved 
per cent 
Al 


All buffern, pH 8.8, = 0.1, 
amore constant value. The results indicate the need for specifying exactly 
the type of buffer used in the determination of elastase activity. 

Klastase was neither inhibited nor activated by 5 10°? to | 10°? 
sodium cyanide, 1 10-? m cysteine, nor by a 1 concentration of 
each of the following metal ions: Zn, Mn, Co, Mg, and Ca (‘Table IV). 
The decrease in elastase activity in 5 X 10-? m cyanide can be attributed to 
salt inhibition, since sodium chloride caused a similar inhibition (Fig. 7). 
Copper sulfate at a final concentration of 1 X 10~-°m produced almost a 50 
per cent reduction in elastase activity. 
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Fig. 7 illustrates the inhibition of elastase by sodium chloride. A % 
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per cent inhibition was noted when the assay solution was 0.07 in sodiun hibit 
chloride (in excess of that salt present in the carbonate buffer). Ammo. It: 


nium sulfate and potassium chloride had a like effect. 


Because of this 


inatir 
salt inhibition, assay samples must be dialyzed free of excess salt. of Be 
by th 
Tass IV differ 
Effect of Metals, Cyanide, and Cysteine on Elastase Activity be ne 
Substance tested Concentration (molarity) |Per cent elastin hydrolyan from 
-side-| 
NaCN 5 X 10% 51 carrie 
1 X 107? 50 
5 X 107 27 
Cysteine 1 X 10°? 52 
Co, Mg, Ca, Mn, Zn chlorides 1 X 10-3 49 
CuSO, 32 
Enzyme alone 51 
MOLARITY 
Hemo 
Fibrit 
250 o —LOG MOLARITY Albur 
uJ 4 MOLARITY Caseil 
40 Soy b 
= Hair 
z 30 Elasti 
} 
0.1 
Pe 
10 “ role 
elasté 
2 1.5 1 0.5 (15). 
— LOG MOLARITY woul 
Fic. 7. Sodium chloride inhibition of elastase. Enzyme concentration was 0.11 § of el; 
mg. per tube. solve 
Balé and Banga (3) reported the existence of an elastase inhibitor in sa 
pancreatic extracts and one in serum. The former passed through a dial- droly 
ysis membrane and was demonstrated in the dialysate; the inhibitor in inna 


serum was stated to be non-dialyzable. 


We have confirmed the finding 


that acetate buffer extracts of pancreas yield a higher elastase assay value tel 
after dialysis, and that the dialysate causes an inhibition of enzyme activity. W. 
However, the ashed dialysate was also tested, and the degree of inhibition hydr 
produced by the ash was indistinguishable from the inhibitor effect of the vi 
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whole dialysate itself. It appears likely from these results that the in- 
hibitory agent in the extracts was salt. 

It is now generally accepted that differences exist between enzymes orig- 
inating from different animal species. This may be exemplified by the work 
of Bonnichsen (13) on the non-identity of human and horse catalase, and 
by the investigations of Bernfeld et al. (14), which clearly demonstrated 
differences between the crystalline human and porcine a-amylases. It must 
be noted, however, that the differences that serve to differentiate enzymes 
from various mammalian species may be rather subtle ones. Although a 
side-by-side comparison of pure beef and porcine elastase has not yet been 
carried out, it is to be expected that such a study would establish signifi- 
cant points of difference. 


TABLE V 
Substrate Specificity of Elastase 
Substente quantity of of 
még. per cent 
Soy bean protein...................006- 20.1 39 


0.11 mg. of elastase was used in each case. 


Perusal of the literature reveals some uncertainty about the biochemical 
réle of the pancreatic enzyme elastase. It was originally indicated that 
elastase functions as a highly specific catalyst for the hydrolysis of elastin 
(15). However, later Banga (16) found that potent elastase preparations 
would hydrolyze heat-treated collagen. An examination of the structure 
of elastic tissue by Hall et al. (17) led to the suggestion that elastase dis- 
solves elastin by a mucolytic rather than by a proteolytic action. Most 
recently, however, Partridge and Davis (18) have concluded that this ac- 
tion is proteolytic, in confirmation of which they also reported the hy- 
drolysis of hemoglobin by an elastase preparation. All of these studies 
were carried out by using elastase concentrates of unknown purity. Apart 
from these reports, the literature contains no mention of other elastase 
substrates. 

We have now observed that electrophoretically homogeneous elastase 
hydrolyzes several other proteins. ‘The results are summarized in Table 
V. Of seven proteins tested in this experiment, only hair keratin was not 
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attacked. In a separate study, elastase failed to dissolve native collagen, 
Elastase is capable also of coagulating milk, a property common to qj 
proteinases. These observations establish elastase as a proteolytic enzyme 

Knowledge of the broadened range of protein substrates of elastase suy. 
gested the possibility that the enzyme acts as a digestive proteinase in the 
intestinal tract. The presence of elastase in dog pancreatic juice was re. 
ported previously by Kokas e¢ al. (19) and Grant and Robbins (20). We 
have confirmed these findings with dog pancreatic juice and have extended 
the studies to include an examination of the pancreatic juice of the cat and 
chicken. Elastase was detected in all samples, and in each case approxi- 
mately 10 mg. of elastin were rendered soluble by the addition of 0.3 ml, 
of pancreatic juice. The presence of elastase in pancreatic juice, and the 
fact that it has a broad proteolytic action definitely indicates a digestive 
enzyme function for elastase, and in this respect it is similar to trypsin and 
chymotrypsin. 

Elastase is the only animal enzyme that has been reported to be capable 
of dissolving elastin. We have confirmed the reported lack of elastolytic 
activity of trypsin and chymotrypsin (18, 21) and also have found pepsin’ 
and ficin? to be inactive in this respect. However, a crude papain prepara- 


tion? has been observed to be similar to elastase in its ability to hydrolyze | 


elastin. Thus, 3 mg. of the papain preparation dissolved 11 mg. of elastin 
in buffer, pH 8.8, at 37° in 0.5 hour. It is not known whether the same 
peptide bonds are hydrolyzed by the papain preparation as by elastase. 

There has been some uncertainty as to the elastase content of human 
pancreas. Despite the studies of Balé and Banga (3) on the relative pan- 
creatic elastase contents of arteriosclerotic and healthy men, Hall, Reed, 
and Tunbridge (17) reported that they could not detect elastase in human 
pancreas. We have examined the pancreas of nine adult human beings and 
found that all contained elastase. The elastase contents ranged from 03 
to 6.2 units per gm. with an average value of 2.8 units per gm. Beef 
pancreas contains nearly 5 times this quantity of the enzyme. In the 
small sample studied, no correlation was apparent between elastase con- 
tent of the pancreas and sex, age, or cause of death. 

Recently, Grant and Robbins (20) have presented evidence that elastase 
exists as an inactive modification in the pancreas, and that trypsin can 
convert the zymogen to the active form. This finding would explain why 
an unusually long assay period was required to detect elastase activity in 
fresh human pancreas and in pancreatic juice. 


The authors wish to thank Mr. F, A. Bacher and his associates for the 
specific volume determination and Mr, R. N. Boos and his coworkers for 
the chemical analyses, ‘The spectrographic determination waa carried out 
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by Mr. G. Davis. We arealso indebted to Dr. D. M. Tennent for use of 
the preparative electrophoresis apparatus, and to Dr. P. D. Orahovats and 
Dr. D. F. Opdyke for samples of pancreatic juice. The determination of 
collagenase activity was kindly carried out by Dr. A. A. Tytell. Thanks 
are due to Dr. Karl Folkers for his interest and support of this work. 


SUMMARY 


A simple and reproducible isolation procedure for substantially pure 
crystalline porcine elastase from commercially available starting materials 
is described. ‘The pure enzyme was obtained from this crystalline product 
by preparative electrophoresis. 

Sedimentation and diffusion constants and the apparent specific volume 
of homogeneous porcine elastase have been determined. A molecular 
weight value of 25,000 was calculated. When the enzyme was examined 
by electrophoresis, ultracentrifugation, and diffusion, no inhomogeneity 
was noted. 

The effect of pH on stability and enzymatic activity has been studied. 
No coenzyme or other activators of elastase were detected. 

Elastase was found capable of hydrolyzing a wide variety of proteins. 
This finding and the observation that the enzyme occurs in pancreatic 
juice indicate a digestive proteinase function for elastase. 

The action of elastase in dissolving elastin is not a highly specific hy- 
drolytic reaction, for a crude papain preparation was found also to hy- 
drolyze elastin. 
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FRACTIONATION OF PITUITARY HOMOGENATES BY 
DIFFERENTIAL CENTRIFUGATION 


I. ASSOCIATION OF HORMONAL ACTIVITY WITH 
SUBCELLULAR FRACTIONS* 


By DANIEL M. ZIEGLERT anp JACKLYN B. MELCHIOR 


(From the Biochemistry Department, Graduate School, and the Stritch School of 
Medicine, Loyola University, Chicago, Illinois) 


(Received for publication, January 11, 1956) 


The profound effects of the several secretions of the pituitary gland indi- 
cate a key position for this organ in the control of metabolism. A vast 
amount of information has been obtained concerning the effects of a wide 
spectrum of metabolic variables on the histology and hormone content of 
the gland (2, 3), and recently several papers on the comparative enzymol- 
ogy of pituitary tissue have offered insight into the molecular mechanisms 
which must give this tissue its specialized functions (4-6). 

It is apparent that interpretation of such studies is limited by the heter- 
ogeneity of the tissue. Ideally, a separation of the cells into fractions 
representing the enzymic machinery required for the synthesis of each 
hormone would be desirable. The technique of differential centrifugation, 
developed by Hogeboom and his coworkers (7), offered a method of frac- 
tionation of subcellular elements with minimal damage to the contents, 
this technique permitting the separation of enzyme systems associated 
with discrete subcellular particles. 

The literature indicated that certain of the hormonal activities are sep- 
arable by centrifugation. Catchpole (8), using saline homogenates of 
sheep pituitary glands, reported the presence of most of the gonadotropic 
activity in granules which sedimented during 5 minutes centrifugation at 
forces of 18,000 K g. Meyer and McShan (9, 10) have also noted that 
part of the gonadotropic activity of rat pituitary tends to sediment with 
the granules isolated from hypertonic sucrose homogenates by the use of 
relatively low centrifugal forces. No separation of the two gonadotropins 
was indicated in this work. More recently, Herlant (11) has presented 


* Supported by a grant-in-aid from the American Cancer Society, upon recommen- 
dation of the Committee on Growth of the National Research Council. Parts of this 
paper were presented before the 124th meeting of the American Chemical Society, 
Chicago, Illinois, September, 1953; see also Ziegler and Melchior (1). 

t Royal E. Cabell Fellow, 1954-55. Portions of this paper were taken from the 
thesis submitted to the Graduate School of Loyola University by Daniel M. Ziegler 
in partial fulfilment of the requirements for the degree of Doctor of Philosophy. 
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evidence for the separability of the adrenocorticotropic activity of beef, 
sheep, and pork pituitaries in the centrifuge, his conclusions having been 
based on the effect of his fractions upon the eosinophil count in rats. No 
growth hormone assays of pituitary fractions have been reported. 

In this paper it will be shown that pituitary tissue can be separated into 
four distinctly different fractions by differential centrifugation. Bioassays 
have indicated that the major amount of growth hormone activity is re. 
covered in the supernatant solution and the luteinizing hormone (LH) in 
the large granules, and that the follicle-stimulating hormone activity (FSH) 
is equally distributed between the large granules and the supernatant solu- 
tion. The assay procedures used failed to detect significant thyrotropic 
or adrenocorticotropic activity in any of these preparations. 


Methods 


Pituitary tissue was obtained from adult female rats of the Sprague- 
Dawley strain from either the Loyola colony or the Hormone “Assay Lab- 
oratories, Chicago. Most of the animals had borne one or more litters, 
but at the time of sacrifice superficial examination indicated that none were 
pregnant or lactating. For each experiment the glands of thirty to 75 
animals were removed, weighed, and pooled in a chilled beaker. The 
total quantity of whole pituitary (300 to 800 mg.) was homogenized in 
ice-cold 0.25 m (isotonic) sucrose for 3 minutes in a glass homogenizer, 
fitted with a Teflon pestle, by using 1 ml. of sucrose solution per 100 mg. 
of tissue. A portion was removed immediately for the whole homogenate 
assay, and the remainder was fractionated by the procedure of Schneider 
(12). As soon as each fraction was recovered, it was suspended in 0.25 
M sucrose and stored in the refrigerator. Centrifugations were carried out 
in a refrigerated centrifuge at 1°. In most of the experiments the complete 
fractionation was carried out in an International No. PR-1 centrifuge with 
a Multispeed attachment, but in a few instances the small granules were 
separated by the use of a Spinco centrifuge. Unless otherwise specified, 
conditions of the separation were as indicated in Table I. In all cases the 
nuclei and large granule fractions were washed twice with isotonic sucrose 
and the wash liquors added to the supernatant solution before the next 
step was performed. 

Analytical Methods—Succinoxidase activity was determined on each 
fraction by the method of Schneider and Potter (13), the fractions always 
being assayed at two concentrations. The small granule and supernatant 
solutions were assayed together to avoid the considerable inactivation of 
the enzyme which would otherwise have occurred during the 3 hours re- 
quired to sediment the small granules. 
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The nucleic acids were extracted by the method of Schneider (14) after 
precipitation of the proteins with 0.33 trichloroacetic acid. The deoxy- 
ribose nucleic acid (DNA) was measured by the method of Dische (15), 
and the ribose nucleic acid (RNA) was estimated by the method of Mej- 
baum (16). The RNA values were corrected for the presence of DNA. 

Hormone Assays—A small aliquot of each fraction was removed for total 
nitrogen determination by a modification of the method of Thompson and 
Morrison (17). The hormone activity of the remaining portion was esti- 
mated by injection into rats which had undergone hypophysectomy by the 
Hormone Assay Laboratories, Chicago, Illinois. There was an unavoid- 
able variation in the age and length of time after hypophysectomy among 
the animals of various assay groups, but in any single experiment none of 
the animals varied more than 15 gm. in weight, and all had been hypophy- 
sectomized for the same length of time preceding the assay. The fractions 
were injected subcutaneously once a day for 4 days. Control animals re- 
ceived injections of 0.25 m sucrose in the initial experiments; no significant 
effects were elicited by this treatment. All of the animals were sacrificed 
on the 5th day. At the time of sacrifice, ovaries, thyroids, adrenals, testes, 
and seminal vesicles were weighed and then fixed in Bouin’s fluid. In one 
experiment the livers, spleens, kidneys, and uteri were weighed, but no 
significant effects of the treatment were observed in any of these organs, 
with the exception of the uterus. 

Growth Hormone Assays—The method employed for the assay of the 
growth hormone was that of Evans e¢ al. (18), which consists of measuring 
the increase in width of the epiphyseal cartilage of the tibia. At the time 
of autopsy the left tibia was removed, split at the proximal end in a sagittal 
plane, and fixed in neutral formalin (3.7 per cent formaldehyde). This 
procedure has been standardized by Greenspan et al. (19). The width was 
obtained by averaging eight to ten measurements made at intervals across 
the epiphyseal plate. 

Gonadotropin Assays—In the assays performed on female animals, the 
increase in the weight of the ovaries compared to the weight of those of 
the control animals was taken as a measure of gonadotropic activity. In 
addition, the fixed tissue was imbedded in paraffin, sectioned, and stained 
with hemotoxylin-eosin. The serial sections were studied and the number 
of maturing graafian follicles and corpora lutea noted. In the male ani- 
mals the increase in weight of testes and seminal vesicles served as an in- 
dication of gonadotropic activity (20). 

Adrenocorticotropic and Thyrotropic Assays—In several cases the thyroids 
were sectioned and stained with hemotoxylin-eosin. Adrenals were sec- 
tioned on the freezing microtome, having been fixed in formaldehyde, and 
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were stained with Sudan red as described by Simpson et al. (21). Meas. 
urement of columnar epithelium of the thyroid and fat distribution in the 
adrenals indicated no significant changes in any group. 


Results 


Characterization of Pituitary Fractions—The technique of differentia] 
centrifugation employed has been shown to yield satisfactory separations 
of the subcellular elements of liver (7). It was necessary to estab- 
lish whether similar separations resulted when pituitary tissue was treated 
in this manner. 

The distribution of nitrogen in the various fractions (Table I) resembles 


TABLE I 
Differential Centrifugation of Pituitary Homogenates 

Succin- A, 
Fraction Conditions of separation® iis N 

(3)f (3)t | (3) 

Whole homogenate...... 184 26 | 2 

Nuclei + debris.........; 600 X gfor10 min. 20.42 1.0 46 120 

Large granules.......... 8500 X gfor10 min. (19.3 + 0.9, 620 16 | 4 
Small 24,000 X gfor3hrs. (21.7 + 0.8 62 
Supernatant solution.... 38.0 + 0.8 Of 21 


* All centrifugations were carried out at 1° in isotonic sucrose solutions. The 
centrifugal force given is calculated for the tip of the tubes. 

7 The number of separate determinations is indicated in parentheses. 

} Assay carried out on the supernatant solution remaining after removal of large 
granules, thus representing the combined small granules and soluble fraction. 


that found in liver (22, 23). Microscopic examination indicated that the 
first fraction contained nuclei and was essentially free of intact cells, al- 
though it contained a few mitochondria, as indicated by Janus green B 
stain. The fraction designated as “large granules” contained the bulk of 
the material staining with Janus green B as well as approximately 90 per 
cent of the succinoxidase activity. Thus it was apparent that this fraction 
contained essentially all of the mitochondria of the tissue. The nucleic 
acid analyses were in agreement with the assignment of nuclei to the first 
fraction, and indicated that the small granules were similar to those ob- 
tained from liver homogenate. 

In pituitary tissue, there are two major types of granules, the a and 8 
granules. It can be calculated from the equation of Pickels (24) that parti- 
cles of 2000 A and over must be sedimented with the large granules under 
the conditions used. Since resolution is limited by the wave length of the 
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light (4000 to 8000 A is the usual range in microscopy), the particles which 
are visible to the histologist as secretory granules must have diameters 
which are considerably greater than 2000 A. Although these considera- 
tions are complicated by the fact that the histologist studies fixed 
and stained preparations, it seems reasonable to assume that the secretory 
granules of pituitary, if they withstand the homogenization technique, must 
be located in the fraction, “large granules.” 

With this in mind, several attempts were made to subfractionate the 
large granule fraction. The data in Table II indicate that the large gran- 
ules were divided into two fractions of similar nitrogen content. More- 
over, the distribution of mitochondria, as measured by the succinoxidase 
activity, was equal in the two fractions. Data are included in Table II on 
the uptake of labeled methionine which results from incubation of the intact 


TaBLeE II 
Subfractionation of Large Granules 
Per cent Per cent Per cent 
Fraction Conditions nitrogen —a succinoxi- 
(S) tion (5)*t dase (3) 
Large granules I......... 4000 X g for 10 min. 53 51 50 
8500 X g “ 10 “ 47 49 50 


All the values are percentages of the material originally present in the large gran- 
ule fraction. 

* The number of determinations averaged is given in parentheses. 

t Distribution of methionine-S** incorporated into proteins of the large granule 
fraction after incubation of the intact gland prior to centrifugation. 


tissue prior to homogenization, indicating a similar distribution of this sys- 
tem in the two fractions. Thus it is apparent that the mixture of particles 
separated as large granules had similar sedimentation characteristics under 
the conditions used, and further attempts to subfractionate them by this 
method seemed unwarranted. 

Growth Hormone Assays—Growth hormone activity was determined on 
the separated fractions from four different experiments. Although con- 
sistent within a given experiment, the average weights of the animals and 
length of time following hypophysectomy varied, and thus the responses 
differed in magnitude. In order to compare the results of these experi- 
ments, an arbitrary unit has been defined in terms of the effect of an injec- 
tion of an equivalent amount (based on total nitrogen analysis) of the whole 
homogenate. The relative concentration in a given fraction is expressed as 
100 times the increase in epiphyseal plate width caused by the fraction, 
divided by the increase caused by the injection of an equivalent amount of 
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whole homogenate, ‘The data for all experiments have been averaged (Ty. 
ble TIL). It is obvious that only the supernatant solutions showed a growth 
hormone activity which was greater per mg. of nitrogen than that elicited 
by the whole homogenate. In one experiment the small granules were 
separated by centrifugation for 0.5 hour at 110,000 X g, and the activity 
in the supernatant solutions remained at levels comparable to those found 
when the routine procedure was used. 

The accumulation of growth hormone in the supernatant solution was 
further emphasized when one considered that this fraction contained the 
greatest portion of the total nitrogen. The relative “total” amount in 
each fraction was estimated by multiplying the figure representing the rel. 
ative concentration by the total nitrogen content of the fraction (see Table 


TABLE III 
Distribution of Growth Hormone 
Growth hormone activity 
Fraction 
Relative Total units 
concentration® in fraction*® 
Whole homogenate (29)f.......................... 100 
Large granules 734 3 14 
Small 569 + 13 13 
Supernatant solution (29)......................... 120 + 18 46 


* See the text for definition of the units of growth hormone response used. 

t The total number of animals injected with each fraction is indicated in paren- 
theses. Measurements on thirty-eight untreated animals furnished the control 
values. 


III). Itis apparent that most of the growth hormone activity was present 
in the supernatant solution. 

It should be emphasized that the nature of the growth hormone assay 
tends to reduce the apparent activity in the supernatant solutions and to 
increase that in the other fractions, so that the actual separation is probably 
greater than the data in Table III indicate. It has been shown that the 


presence of other hormones will cause limited stimulation of the epiphyseal | 


cartilage (19). Thus it is to be expected that at least the large granule 
and whole homogenate values are increased by the presence of factors other 
than growth hormone. The arbitrary units used here do not take into 
account the log-dose nature of the response obtained (19); this tends to 
minimize the relative concentration in the supernatant solutions. 
Gonadotropin Assays—For the gonadotropin assay shown in Table IV, 
five female rats were used to test each fraction. The injectiors were graded 
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arithmetically, so that the last animal in each group received 5 times as 
much as the first. “Phe control animals were injected with isotonic sucrose 
or were left untreated, 


IV 


Gonadotropin Assay 


Fractt Dose range,* Ovarian No. of No. of 
raction mg. N weights,t mg. folliclest corpora luteat 

Whole homogenate............| 0.17-0.84 | 63 (24-101) | 20 (7-31) , 2 (0-6) 
Nuclei and debris............. 0.14-0.69 | 14 (11-19) 0 (0-1) 
Large granules................. 0.13-0.55 | 68 (37-97) 18 (2-23) | 8 (0-20) 
Small | 0.10-0.50 | 34 (14-60) 4 (0-15) | O 
Supernatant solution. ......... 0.23-1.14 | 46 (17-66) 15 (4-24) | 0 


* For each fraction, five animals were injected with graded doses as described in 
the text. The highest and lowest doses given are listed. 

t The responses are expressed as an average response for the five animals, with the 
range of response indicated in parentheses. All values are the total response for 
both ovaries. 

t The small granules were sedimented at 18,000 < g for 0.5 hour in this experi- 
ment. 


TABLE V 
Gonadotropin Assay 
Testes, per cent Seminal vesicles, 
Fraction Dose, mg. N increase over per cent increase 
contro] over control 

Whole homogenate 0.19 79 44 
0.48 88 56 
Large granules 0.16 86 67 
0.40 138 89 
Small granules 0.22 55 1] 
0.56 77 22 
Supernatant solution 0.20 50 22 
0.48 69 44 


Four animals were injected at each dose level. The values are expressed as the 
mean for the four animals. The control values (averages of ten untreated ani- 
mals) were testes, 121 + 5 mg., seminal vesicles, 9 + 0.5 mg. 


From the weights of the ovaries, it is apparent that the nuclei were devoid 
of any gonadotropic activity, but that some stimulation was observed in all 
other fractions. Examination of the data on the number of maturing fol- 
licles indicated FSH to be found primarily in the large granule fraction and 
the supernatant solutions, with mature follicles appearing at even the low- 
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est dose levels, Since all of the material in each fraction was used, it would 
appear that the “total” amount of PSH was about the same i the two fine. 
Lions, ‘The small granule fraction contained considerably less gonadotropin 
achivity than did the large granule or supernatant solutions, only the twe 
animale receiving the highest dose levels revealed mature follicles when this 
fraction was injected, 

The absence of corpora lutea in the ovaries containing large numbers of 
follicles is presumptive evidence for the absence of LH. However, LH ae. 
tivity can be demonstrated in the female only if mature follicles are present 
owing to prior activity of FSH. Since Fevold (20) has shown increased 
weight of the seminal vesicles to be a relative specific measure of LH actiy- 
ity, the assays were repeated with hypophysectomized male rats (Table V), 
It is apparent from the weights of the testes that the large granule fraction 
was the most potent, but that none of the fractions tested was devoid of ac. 
tivity. The weights of the seminal vesicles support the conclusion that 
the LH activity was associated with the large granules, since the greatest 
effects per mg. were obtained with this material. In view of the effects on 


both male and female hypophysectomized rats, it is concluded that the | 


large granule fraction contained essentially all of the luteinizing activity 
of the pituitary, whereas the FSH activity was present in the large gran- 
ule and supernatant solutions in amounts that were roughly equal. 


DISCUSSION 


The data presented above indicate a relatively clean separation of pitu- 
tary homogenates into four distinct fractions: the nuclei; the large granules, 
which include the mitochondria and at least some of the stored hormones 
of the tissue; the submicroscopic particles; and the soluble substances, which 
also include certain of the hormonal activities. 

In spite of the factors which would tend to obscure the growth hormone 
data, it is apparent that the largest portion of this hormone occurred in the 
soluble fraction rather than in association with any formed elements of the 
cell. 

The data assigning growth hormone synthesis to the a cells of the pitui- 
tary seem incontestable (3). On the other hand, Herlant (11) has pre- 


sented histological data which indicate that the a granules should be stable | 
under the conditions of the present work, and thus should appear in the = 


fraction labeled “large granules.”’ There would appear to be two explana- 
tions for the above observations. One is that the growth hormone is se- 


creted by the a cells but is stored in the cytoplasm in soluble form. The © 
other possibility is that the so called a granules, although appearing to the © 
histologist to be similar, actually differ considerably in chemical make-up, | 


and that the ones responsible for growth hormone synthesis are more fragile 
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than the ones which produce adrenocorticotropin, which Herlant appar- 
ently recovered, “Thus, it is not possible at present to determine whether 
the growth hormone activity in the supernatant solutions reflects the pliysi 
ological eile or ia an of the technique 

Himilar reasoning might explains the presences of PAE in two dis 
Hinet formes, one sedimenting with the large granules and another not centre 
fuging at LIO,000 * g. ‘The possibility that this hormone is produced in 
granules of stability such that approximately half of them are disrupted 
during the homogenization procedure is certainly not ruled out. However, 
it seems equally plausible that a fraction of the available supply is stored in 
the secretory granules, while the rest accumulates in solution prior to its 
release into the blood stream. 

On the other hand, the association of essentially all of the luteinizing 
activity with particles which sediment with the mitochondria would seem 
to offer presumptive evidence for the thesis that this entity is stored in the 
secretory granules in which it is synthesized. 


The authors wish to express their sincere thanks to Dr. Arthur Gatz for 
many helpful discussions concerning the histological techniques used, and 
to the Wilson Meat Packing Company for a generous gift of many of the 
hypophysectomized rats used in this work. We are also deeply grateful 
to Dr. Leo Abood for permitting us the repeated use of his ultracentrifuge. 


SUMMARY 


Differential centrifugation of rat pituitary tissue after homogenization 
in isotonic sucrose has yielded four distinct fractions. Succinoxidase and 
nucleic acid determinations agree with the conclusion that these consist of 
the nuclei, the mitochondria, the submicroscopic particles (microsomes), 
and supernatant solutions, respectively. Evidence is presented to support 
the theory that any intact secretory granules sediment with the mitochon- 
dria. Standard assay methods have shown the growth hormone activity 
to be present in the soluble fraction, although the luteinizing hormone ac- 
tivity appears only in the large granule fraction. Follicle-stimulating 
hormone is approximately equally distributed between the large granule 
fraction and the supernatant fraction, with traces of activity being associ- 
ated with the small granules. 
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FRACTIONATION OF PITUITARY HOMOGENATES BY 
DIFFERENTIAL CENTRIFUGATION 


Hf, DISTRIBUTION OF TILE AMINO 
ACID INCORPORATING SYSTEM* 


ty DANIEL M, YARD ant JACKLYN MELCHIOR 


(From the Hiochemiatry Department, Graduate Nehool, and the Striteh Nehool 
of Medicine, Loyola Univeraity, Chicago, Mlinoia) 


(Received for publication, January Il, 1956) 


. Studies of the incorporation of amino acids into the proteins of tissue 

» | preparations have furnished considerable evidence that this phenomenon 

measures a portion of the enzymic machinery responsible for the synthesis 

of proteins (see Tarver (2)). Recently it was demonstrated that the amino 


pituitary tissue with methionine-S*. 


Methods 


the Abbott Laboratories. 


acid-incorporating system is particularly active in pituitary tissue obtained 
from both rats and mice (3, 4), and that significant changes in activity are 
associated with metabolic variables known to be related to pituitary func- 
tion (3). Thus, it is tempting to speculate that the amino acid-incorpo- 
rating system of pituitary is directly related to the synthesis of protein 
hormones by this tissue, and the present report concerns the distribution 
of labeled protein among the cellular fractions after the incubation of intact 


The samples of methionine-S** used in this work had specific activities 
of the order of 17 mc. per gm., and were obtained from Dr. D. L. Tabern of 


The pituitary tissue was obtained from adult rats of the Sprague-Dawley 
strain, the source and routine management of the animals having been de- 
scribed in a previous communication (5). Estrogen stimulation of adult 
male rats was achieved by implantation of 25 mg. pellets of diethylstilbest- 


rol every 30 days for a period of 6 months prior to sacrifice. This pro- 
cedure appeared to produce sufficient stimulation, as the growth of the 
animals was markedly inhibited and the testes remained undescended (6, 7). 


* Supported by a grant-in-aid from the American Cancer Society, upon recommen- 
dation of the Committee on Growth of the National Research Council. Parts of this 
paper were presented before the 124th meeting of the American Chemical Society, 


Chicago, Illinois, September, 1953. See also Ziegler and Melchior (1). 


t Royal E. Cabell Fellow, 1954-55. Portions of this paper were taken from the 
thesis submitted to the Graduate School of Loyola University by Daniel M. Ziegler 


in partial fulfilment of the requirements for the degree of Doctor of Philosophy. 
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Pituitary glands were removed immediately after sacrificing the animals, 
and were pooled in a chilled Warburg flask containing Ringer’s bicarbonate 
solution (3) and methionine-S* dissolved in Ringer’s bicarbonate solution 
in the side arm. The flask was filled with 95 per cent O2-5 per cent C0, 


and the methionine tipped in to start the measurement of amino acid incor. 


poration, Further details of the procedure have been described previously 


(4,8). Succinate, at a final concentration of 7.4 * 104M, was present jy E 


all the flasks, 
At the end of the incubation period, the contents of the flask were centy 


liged amd the separated glanda washed ones with (O08 
‘The wash waters were Hombined with the solutions 
and bronght to OS with per cent acid (POA) The 


proteing which precipitated were designated as the “medium” fraction, 


The washed glands were homogenised and subjected to differential een P 


trifugation as deseribed in a previous communication (5), leading to the 
recovery of four fractions which have been designated as nuclei, large gran. 
ules, small granules, and supernatant solutions, respectively. As each 
fraction was obtained, it was suspended in 0.33 m TCA. 

The TCA-insoluble material in each fraction was separated by centrifuga. 
tion and washed twice by solution in 0.1 mM sodium hydroxide, followed by 
precipitation with TCA. An aliquot of each final solution in sodium hy- 
droxide was withdrawn for nitrogen analysis (9). The rest of the fractions 
were prepared for the determination of radioactivity as described previously 
(3, 10). 

Zero time values were essentially zero except for the ‘‘medium”’ fraction, 
where a value of 1.4 + 0.1 uwmoles of methionine-S** per gm. of protein 
(average of three determinations) was found to adhere to the protein after 
washing. This large adsorption on the proteins of the ‘“‘medium’”’ fraction 
was presumably an artifact arising from the necessity of recovering these 
proteins by adding TCA directly to the incubation medium which contains 
the bulk of the methionine-S**, All of the values for the ‘‘medium” data 
cited herein have been corrected for the appropriate zero time values. 


Results 


Nitrogen distribution in pituitary fractions recovered by differential 
centrifugation has been recorded in the previous communication (5). In 
the present work, the glands were incubated for 1 or more hours in a Ring- 
er’s solution containing methionine-S* in order to measure the extent of 
amino acid incorporation before they were homogenized and centrifuged. 
The data listed in Table I indicate that a change in nitrogen distribution 
arose as the result of a diffusion of a portion of the proteins from the cells 
into the medium (“‘medium”’ fraction). From these data it seems probable 
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that these diffusible proteins are recovered as a part of the supernatant solu- 
tion when the tissue is homogenized and centrifuged immediately. This 
protein presumably represents the fraction of cellular proteins which is 
able to pass through the walls of the cell, and was found to remain substan- 
tially constant regardless of the time of incubation. 

‘Table | also includes data on the distribution of protein in the fractions 
of liver, ‘The “medium” fraction represents the most important difference 
between the two tissues in this respect. [tis apparent that liver cells con- 
jain a dar greater percentage of proteims whieh can diffuse through the cell 
walls 


‘Tanin I 


Dietrihution of Protein in Pituitary and Liver Practiona 


Pituitary, per cent nitrogen 
Fraction 

Refore After After 
incubation (4)* incubation (7)* incubation (7)* 
Nuclei... . 20.4 + 1.0 18.8 + 0.8 17.5 + 1.1 
Large granules................. . 19.3 + 0.9 21.7 + 0.6 19.1 + 1.0 
Small 21.7408 £19.04 0.4 19.3 + 0.5 
Supernatant sclution.. ........| 38.0 40.4 | 28.1 + 0.4 22.8 + 0.5 


The sii summarize the per cent of total protein nitrogen (z.e. N insoluble in tri- 
chloroacetic acid) found in the fractions recovered by differential centrifugation in 
isotonic sucrose. The columns headed ‘‘after incubation’’ refer to the distribution 
obtained after a 1 hour incubation of whole pituitaries or liver slices in a Ringer- 
bicarbonate medium containing methionine-S** as described in the text. 

* The number of determinations is shown in parentheses. 


In Table II the extent of methionine-S* uptake into proteins by the var- 
ious fractions of pituitary and liver is shown. Liver tissue is characterized 
by an accumulation of methionine in the small granule fraction, in agree- 
ment with previous observations (8, 11, 12). On the other hand, in pitui- 
tary tissue the greatest amount of incorporation occurred in the super- 
natant solution. 

The data expressed in terms of the incorporation of methionine-S** per 
gm. of protein nitrogen are also listed in Table II. The relatively high 
activity of the amino acid-incorporating system of the pituitary gland is 
reflected in a greater uptake into all of the fractions. It is further noted 
that the greatest incorporation of methionine-S** occurred in the soluble 
fraction in the pituitary rather than in the small granules, as is observed in 
liver. 
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A study of the time-course of the labeling reaction in the various fractions 
yielded the results presented in Fig. 1. The incorporation was essentially 
linear with time in all fractions, and was markedly different from the situa. 
tion in liver, in which an increase in the rate of protein labeling occurs during 


TABLE II 
Distribution of Methionine-S* in Liver and Pituitary 


Per cent of total | pmoles per gm, protein nitrogen 


methionine-5* uptake per hr. 
Pituitary (7)*| Liver (4)* Pituitary (4)* Liver 
Nuclei | 12 & OY Ha O4/)23.2 O64 & 
Large granules | 10 I 24 O.4 | OOF 
Minall 24 0.6 | 4h $86 0.2) 2.0 OW 
Nupernatant solution | oe 4064 & O10 


The fractiona were obtained by differential contrifugation after a hone ineuh 
tion of the intact tissue with methionine ae deacribed in the teow 
* The number of determinationa ia shown in parentheses 


8} 


| 2 
HOURS 
Fic. 1. Location of the label in subcellular fractions of pituitary after incorpora- 
tion by intact tissue. A, nuclei; @, large granules; A, small granules; ©, super- 
natant solutions; O, ‘‘medium.’’ Each point represents an average of values ob- 
tained in three or four separate experiments. 


MICROMOLS S-35-METHIONINE 
PER GRAM NITROGEN 


the 1st hour of incubation (8). As a result of this apparent activation d 
the liver enzymes, the small granule fraction of liver incorporates 10 umoles 
of methionine per gm. of nitrogen in 2 hours, surpassing the value obtained 
for any of the pituitary fractions for a corresponding period. 

Effect of Estrogen Treatment—Since the pituitary gland is composed d 
several types of cells, some of which are presumed to be non-secretory (i. 
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the chromophobe cells (13)), it would seem that considerable information 
concerning the significance of the above data with regard to the hormone- 
secreting mechanism could be obtained if measurements could be made on 
separated chromophobe cells. It is not feasible to separate the chromo- 
phobe cells from the rest of the tissue; however, it is possible to obtain a 
gland in which the relative proportion of these cells is markedly increased. 
Prolonged administration of estrogens has been shown to produce enlarged 
pituitary glands composed primarily of chromophobe cells (6). 

Data are presented in Table IIT for the distribution of methionine-S® in 
pituitaries obtained from normal and diethylstilbestrol-treated male rats. 
The per cent of the label incorporated into the various fractions was altered 


Distribution of Methionine S* in Mituitavies of Diethylotilbestrol Treated huts 


Untreated tate, ‘Tieated tate 
ao ae 
tives 
Verrent | poles per) Percent per 
| protein! total protein 
poration nitrogen nitrogen 
Nuelei 2.1 4.0 + 0.2 
Large granules 7 3.8 20 7.34 04 
Small a | 19 3.9 28 7.14 0.4 
Supernatant solution | 4.9 6.1 + 0.5 
“Medium” 1.8 2.1 + 0.5 


The fractions were obtained as for Table II. Control values were obtained from 
a single experiment on pooled glands obtained from ten normal males. The other 
values represent the mean of three experiments on a total of thirty males. 


by treatment to yield lower values for the “‘medium”’ and supernatant solu- 
tion fractions, and relatively higher uptakes by the granules. It is evident 
that the uptake per gm. of nitrogen was increased in all fractions of the 
abnormal glands, the increase in the granule fractions being of such mag- 
nitude that they show a higher concentration of the label than the super- 
natant solutions. 

Incorporation into Separated Fractions—The large incorporation of label 
into the proteins of the supernatant solutions by normal pituitary suggested 
the presence of a soluble amino acid-incorporating system in this tissue. 
In order to investigate this possibility a few experiments with isolated frac- 
tions were carried out, the results of which are collected in Table IV. 

It is difficult to interpret the protein labeling obtained with homogenates, 
since it has been shown that non-enzymic uptake of labeled amino acid 
occurs in homogenates and isolated protein fractions (14). Moreover, the 
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necessity of precipitating the proteins in the presence of large amounts oj 
the label produces an additional artifact similar to that observed in the 


“medium” fraction. To circumvent these difficulties, portions of the ho | 


mogenate or fraction were incubated anaerobically, and only the difference 


between the aerobic and the anaerobic methionine incorporation was pre. | 


sumed to represent peptide bond formation. 


TABLE IV 
Incorporation of Methionine-S** into Isolated Fractions of Pituitary 


umoles methionine-S* incorporated per 
gm. protein nitrogen 


Experi- 
ment Fraction 
No. Total 
Aerobic | Anaerobic | Difference | tein nitro 
| | gen in flask 
1 Whole homogenate 1.5 1.2 0.3 1.26 
Nuclei 1.5 1.76 
Large granules 1.6 | 0.63 
10 16 | (0.64 
Supermatant solution 0.7 | 07 O.0 (1) 
2 Whole homogenate 0,74 
Large granules 06 (), FA) 
| OF Oo O74 
Hiern | | | 
Whole homogenate | Bad 22 | 
Large granules + small granules 4 2.6 | 12 0.60 


supernatant solution | | | 

The homogenate or fractions were suspended in 0.25 m sucrose and a 0.5 ml. ali. 
quot incubated for 1 hour with labeled methionine in 1.5 ml. of Krebs-Ringer bicar- 
bonate buffer, supplemented with succinate. The gas phase was either 95 per cent 
O.-5 per cent CO, or 95 per cent N2-5 per cent CO... When the fractions were re. 
combined for assay, they were added in approximately the same ratio as in the origi- 
nal homogenate. 


The importance of this type of control is apparent from the data in Table 


IV. From the uncorrected aerobic protein labeling, it would appear that 


the whole homogenate retained a considerable portion of the enzymic amino 
acid-incorporating system of the intact cell. However, the high rate of 
label incorporation under anaerobic conditions would indicate that only 4 
small portion of the enzymic system was active in the homogenates. Rep- 
resenting as they do a small difference between two large numbers, the dats 
on homogenates must be considered as qualitative. 

It is apparent that, under the conditions of these studies, no incorpors 
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tion occurs in the isolated supernatant solutions, and, in addition, the data 


_ indicate that no appreciable incorporation occurs in the absence of the large 


granules. 


DISCUSSION 


The relatively rapid incorporation into soluble proteins would appear to 
be the most striking characteristic of the amino acid-incorporating system 
of normal pituitary tissue. Attempts to sediment this fraction at 110,000 
< g for 30 minutes resulted in no observable change in the distribution of 
radioactivity. In liver tissue, on the other hand, the label is incorporated 


primarily into the granular portions of the cell in spite of the fact that liver 
tissue contains a greater proportion of diffusible proteins. 


It is possible that the labeling of soluble pituitary proteins results from a 
disruption of granules during the separation procedure. If this is the case, 
in order to explain the incorporation per gm. of nitrogen obtained in the 
supernatant solutions, it is necessary to assume the existence of granules 
with a relatively enormous rate of incorporation, which are also particularly 
fragile to the procedure used, If the accumulation of radioactivity in solu. 
ble proteins of pituitary is the result of synthesia in granules, followed by 
movement to the supernatant solutions, the linear nature of the meorporn 
of tine makes apparent that the diffusion process can 
hol be rate limiting. 

The stucies with isolated components indicate clearly that the integrity 
of the cell is an important aspect of the incorporation reaction, since the 
activity which may be interpreted as being related to peptide bond syn- 
thesis is decreased sharply upon homogenization. Whether or not the 
small residue of activity retained after homogenization is typical of that 
occurring in the intact cell remains an unanswered question. It should be 
noted that throughout this work succinate was the only exogenous substrate 
supplied, and that the succinoxidase system of pituitary is found only in 
the large granules (5). Thus, in the system used in this work, incorporation 
could be demonstrated only when the mitochondria were present to supply 
energy. The possibility of utilizing other sources of energy (15) to permit 
the synthesis to proceed in the soluble fraction would appear to be worthy 
of investigation. 

The attempt to use pituitary tissue composed primarily of non-secretory 
cells as a base-line was complicated by the striking increase in the rate of 
incorporation into all fractions of the abnormal glands. Since the over-all 
condition of the diethylstilbestrol-treated animals, as well as the histolog- 
ical picture of the pituitary itself, has been shown to resemble a state of 
hypofunction of the pituitary (16), it seems unlikely that this reflects an 
increased activity of the hormonal secreting system. However, it is noted 
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that the glands subjected to prolonged estrogen stimulation exhibit ap f 
increased probability of developing chromophobe adenomas (6). Thus} 
the increased activity of the amino acid-incorporating system may represent | 
a preneoplastic condition quite unrelated to the normal function of the cel], | 
It is clear, however, that these glands, in which the hormone-secreting mech. | 
anism is presumably diluted by non-secreting cells, showed a relatively 
greater incorporation into the granules than into the supernatant solutions, f 


SUMMARY 


Pituitary tissue, labeled in vitro with methionine-S*, was homogenized : 
and fractionated by differential centrifugation in isotonic sucrose. Fiye } 
fractions were obtained: a nuclear, large granule, small granule, and two | 


soluble fractions. 


The rate of incorporation of the label into proteins of these fractions was 
linear with time for at least 2 hours. The highest rate of incorporation was | 


associated with the intracellular soluble fraction. 


The rate of methionine incorporation and the distribution of the radio. 
activity in the fractions were markedly altered from normal in pituitary | 
tissue obtained from rats treated with diethylstilbestrol. ‘The rate of pro | 


tein labeling increased in all of the fractions, with relatively greater in- 
creases occurring in the granule fractions, 

Studies on the methionine-incorporating systems of the isolated fractions 
are also reported, Under the conditions used, the amino acid uptake wai 
negligible unless the large granules were present, 
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NATURAL SYNTHESIS OF LOW MOLECULAR WEIGHT 
(CLINICAL TYPE) DEXTRAN BY A 
STREPTOCOCCUS STRAIN* 


By EDWARD J. HEHRE 


(From the Department of Microbiology and Immunology, Cornell University 
Medical College, New York, New York) 


Witu a Note By FREDERIC R. SENTI AND Nison N. HELLMAN 
(Received for publication, February 14, 1956) 


The present paper describes a novel bacterial dextran! of a molecular 


' weight lower than that of the native dextrans hitherto obtained as major 
; ' products from Leuconostoc mesenteroides or other species. As with several 
’ dextrans of unusual origin reported earlier (2, 3), this example was first 


recognized by the use of immunological reactions capable of distinguishing 


) dextrans of different types and sizes from one another, and from other 
glucose polymers such as starches and glycogens. 


In 1946, Hehre and Neill showed that certain non-hemolytic streptococci 
(Streptococcus var. DS) from the blood of patients with subacute endocardi- 
tis, and found also in the throats of healthy persons, convert sucrose to 
products serologically identifiable as dextrans (2), Subsequent examina- 
tion of more than 100 of these DS atreptococe: revealed that the sucrose 
broth culture fluids of one particular strain (No, 50) behaved more like 
solutiona of partly hydrolyzed than of native dextran an judged by tents 
for precipitation by type 2 and type 20 pneumococcusa rabbit’ antiseruma 
(4,5) and by precipitation with alcohol, ‘The present data establish that 
the sucrose-derived product of Streptococcus 50 is in fact a predominantly 
1 ,6-linked a-anhydroglucose polymer, the greater part of which is similar 
in molecular size to the plasma substitutes made from partly hydrolyzed 
leuconostoe dextrans of extremely high molecular weight. ‘These findings 
indicate that the product might be a highly advantageous starting material 
for the production of clinical dextran. Elimination of the hydrolysis step 
would simplify the current preparative process and possibly also increase 
its efficiency. 

Evidence has been obtained that the small size of the streptococcal dex- 
tran molecules is the result of synthesis by an uncommon type of dextran- 
sucrase. Hitherto, inherent catalyst specificity had not been counted 


* This work was supported by a grant from the Corn Industries Research Founda- 
tion. 

1 A preliminary report was presented at the Fifty-second national meeting, Society 
of American Bacteriologists, Boston, Massachusetts, 1952 (1). 
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among the factors (6-8) that influence or determine the molecular weigh 


of the polymer product in dextran synthesis. 


EXPERIMENTAL 
Native Soluble Dextran of Streptococcus DS, Strain 50 


Stock cultures of Streptococcus 50 were maintained in meat infusion f 
broth containing 5 per cent sterile defibrinated rabbit blood, or in broth f 
comprising 1 per cent yeast extract, 1 per cent tryptose, 0.3 per cent Na(, | 
0.2 per cent KzHPO,, and 0.03 per cent glucose. For the production of | 
dextran, media containing 20 per cent sucrose were used. Cultures grown | 
with lower concentrations of sucrose, and under various conditions of | 
temperature, aeration, and time, however, all yielded a product similar 


to the following. 


Preparation 18S—3 liters of broth which contained 20 per cent sucrose, 
1 per cent tryptose, 0.5 per cent Difco yeast extract, and 0.75 per cent | 
K;HPO, were inoculated with 60 ml. of a 17 hour, 5 per cent sucrose broth | 
culture of Streptococcus 50. After incubation at 37° for 3 days without | 
agitation, the culture, which had reached pH 4.5 but was not notably i 
viscous, was brought to pH 7.0 with NaOH and centrifuged. Ethand | 
was added to the supernatant fluid to a concentration of 65 per cent by | 


volume, the mixture was held at 25° for 2 hours, and the voluminous pre: 
cipitate was collected by centrifugation. Most of the crude dextran dis. 
solved readily on addition of 2 liters of distilled water at 25° and, after re- 
moval of an insoluble fraction (dry weight 4.75 gm.), was reprecipitated 
by ethanol at 65 per cent concentration, ‘The product was triturated with 
ethanol and dried in vacuo at YS" over CaCl; it weighed 117 gin, on the 
moimture-tree basis, a yield of 41 per cent of the theoretical maximum 
Home of the properties of this soluble native material, 148, are given below 

by Methanol Direct comparison was made with the 
native dextrans produced by three other bacteria and with several partly 
hydrolyzed and fractionated dextrans used as plasma substitutes, Al 
quots of 1.0 per cent solutions of each dextran in 0.05 m sodium acetate 
were treated with accurately measured volumes of methanol to give a series 
of mixtures containing 40, 45, 50, and 65 per cent methanol by volume. 
The mixtures were held in a 5° bath for 1 hour, then centrifuged at 5. 
The sediments were analyzed for dextran content (3), and the percentages 
of the polysaccharide that were precipitated within these same ranges d 
methanol concentration were calculated, with use of the similarly deter- 
mined content of each original dextran solution as 100 per cent. 

The data (Table I) show that the Streptococcus 50 product was not ex 
tensively thrown out of solution by 40 (or 45) per cent methanol, in contrast 
to the more typical native dextrans included for comparison. The pattem 


e 

p 

N 

SC 

6) | 

k 

iP 

A 


ight 


E. J. HEHRE 741 


of precipitation instead resembled that of the plasma substitutes, except 


that a definitely larger proportion of the streptococcal product than of the 
- clinical dextrans failed to be precipitated by 50 per cent methanol. This 
behavior is unique for a native dextran. Among the dextrans isolated 
- from cultures of more than 90 different bacteria by workers at the North- 
ern Utilization Research Branch of the Department of Agriculture, the 
products from only two strains (NRRL B-742 (9-11) and NRRL B-1443 


(12)) failed to be precipitated almost completely by 42 per cent ethanol; 


TABLE I 


Precipitability by Methanol of Streptococcus 50 Native Deztran, 188, 
Compared with That of Other Deztrans 


Percentage of dextran precipitated within different 
ranges of methanol concentration 
Type and source of dextran 
0-40 40-45 45-50 50-65 
Z per cent per cent per cent per cent 
Native, unfractionated 
Streptococcus DS, 50 (Preparation 18S)... 10 24 27 21* 
NRRL B-512 substrainf. 88 4 0 2 
Partly hydrolyzed, fractionated§ | | 
NRRL substrain 2 | 42 


The bibliographic reference is given in parentheses. 

* An additional 1M per cent was unprecipitated by 65 per cent methanol, 

{ Hi per cent ethanol had been used in isolating this dextran (4) to insure obtain 
ing the entire native product, 

Mlarting material for the preparation of clinical dextran waa aupplied by the 
Commercial Selventa Corporation. 

§ Clinical dextrans were supplied (1951) by A.B. Pharmacia, the Dextran 
poration, and the Commercial Bolvents Corporation, 


even these two dextrans were fully precipitated by 45 per cent ethanol and 
proved to be of high molecular weight. 

Viscosity Comparison of cleared solutions (0.50 per cent in 0.05 m 
sodium acetate) of Preparation 18S and of three other native dextrans at 
30° in Cannon-Fenske No. 100 viscometers showed the inherent viscosity 
of the Streptococcus 50 product to be significantly lower than that of the 
others, which included an ‘‘autolyzed” L. mesenteroides B-512 dextran 
kindly supplied by Dr. Allene Jeanes. The values for n; (c = 0.50) were 
Preparation 18S, 0.28; L. mesenteroides B-512 Preparation C (13), 0.68; 
Acetobacter capsulatum dextran (3), 0.72; L. mesenteroides B dextran (4), 
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1.33. The intrinsic viscosity [y] of the native streptococcal dextran was 
found to be 0.25, z.e. in the range prescribed for clinical type materials and 
well below the values found by Hellman (9) and by Jeanes e¢ al. (14) for 
all but a few fractions among a large collection of native dextrans. 
Serological Reactivity—In tests for precipitating capacity versus pneumo- 
coccus rabbit antisera known to be highly reactive with various native and 
clinical dextrans (2-5), Preparation 18S gave visible reactions with type 2 
and type 20, but not with type 12 antiserum. The streptococcal product 
thus may be classed as a dextran of “serological type B” (4). As antic. 
pated from the original observations made on crude Streptococcus 50 culture 
fluids, visible precipitation of solutions of 18S required 2 to 4 times mor 
type 2 or type 20 antibody than sufficed to precipitate solutions of most 
natural dextrans, such as those listed in Table I. Similarly diminished 
precipitating capacity is shown by partly hydrolyzed dextrans (5) and by 
certain native dextrans possessing low proportions of 1,6-linkages.? As 
will be clear from experiments that follow, the reduced serological capacity 
of Streptococcus 50 dextran is attributable to low molecular weight and not 
to any deficiency in 1,6-linkages. The product is free of levan, 7.e. no 
precipitation occurred in tests with a potent levan-reactive antiserum (15), 


under conditions in which as little as 1 part of levan in 1000 parts of dextran | 


would have been detected. 
“Clinical Sized” Middle Fraction of Streptococcus 50 Dextran 


Further information on the apparent capacity of Streptococcus 50 to 
produce dextran of clinical size was sought by examining that portion of 
the product which precipitated within methanol concentration limits of 
43 and 50 per cent by volume. One sample of this ‘‘mid-fraction” was 
obtained, with two “end fractions,” from Preparation 185; a second was 
isolated from additional cultures of Streptococcus 50. 

Mid-Fraction Preparation 18S11-—YVo 1600 ml, of a neutral 5,0 per cent 
solution of 188, 1200 ml, of methanol were added, ‘The mixture was kept 
at 25" for 2 hours, then centrifuged, ‘The sediment (43 per cent methanol 
precipitable fraction, T8812) was washed with methanol and dried in vacuo 
over CaCl; yield, 13.6 gia, (moimture-free basia) or 17 percentof the original 
material, Treatment of the supernatant fluid with additional methanol 
to a concentration of 50 per cent by volume gave the mid-fraction, 18ST], 
as a precipitate. This weighed 39.1 gm. (moisture-free basis) and repre. 
sented 49 per cent of the original native material. A final fraction, 18SIII, 
was precipitated between 50 and 65 per cent methanol; yield, 17.2 gm. or 
21.5 per cent of the starting material. 

Mid-Fraction Preparation 24-3 liters of Streptococcus 50 culture grown 


2 Unpublished experiments. 
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in a medium of 20 per cent sucrose, 0.75 per cent K,HPO,, and 0.22 per 
cent soluble corn steep-solids* for 3 days at 37° were used. After adjust- 
ment to 25° and pH 7.0, methanol was added to 35 per cent concentration, 
and bacterial cells and insoluble gum were removed by centrifugation. 
All material precipitating at 55 per cent methanol concentration was then 
separated from the supernatant fluid, reprecipitated once from aqueous 
solution by methanol at 55 per cent concentration, washed with methanol, 
and dried; yield, 75 gm. A neutral 5 per cent solution of the dried product, 
fractionated between 43 and 50 per cent methanol, gave 41.5 gm. (moisture- 
free basis) of the mid-fraction. 

General Properties of 18SII and 24—Some of the characteristics of the 


TaBLeE II 
Properties of Mid-Fraction Preparations of Streptococcus 50 Deztran 
Property* 18SII 24 

Yield, gm. per liter, of culture.......................... 19.1 13.8 
Optical rotation, [a]si$s, degreest . +194.5 
Intrinsic viscosity, [n], dl. per gm. t.. 0.24 0.23 
From periodate oxidation analysis (17) 

Periodate consumed, moles per mole ankydrogrucese. . 1.95 1.91 

Formic acid released, “ “ “ ey aa 0.88 


The bibliographic reference is given in parentheses. 

* Moisture-free basis. 

tc = 1.0 (HO), length = 2 dm.; thanks are due to Dr. V. du Vigneaud for use 
of the polarimeter. 

t Filtered solutions in 0.05 m sodium acetate were measured at 30° in Ostwald- 
Cannon-Fenske No. 100 viscometers. 


above 43 to 50 per cent mid-fraction preparations are summarized in ‘Table 
Il. The over-all yields, 19.1 and 13.8 gm. per liter of culture, represent 
20.2 and 14.6 per cent of the amount theoretically obtainable (16) from the 
sucrose used, From their high postive optical rotations and behavior on 
periodate oxidation (17), it ia clear that TSSTL and 24 are dextrans with 
high proportions of 1,6-linkages, ‘The modes of isolation and the imtrinnic 
viscosity values suggest a molecular size generally similar to the clinical 
dextrans. ‘Though not ineluded in Table I, the results of serological tests 
also show that Preparations ISSIL and 24 closely resemble the plasma sub- 
stitutes in having a more limited capacity to give visible precipitation with 
pneumococcus type 2 and type 20 rabbit antisera than ordinary native 
dextrans with correspondingly high proportions of 1,6-linkages. The cor- 


*Corn steep-liquor (about 26 per cent soluble solids) was kindly supplied by Mr. 
A. C, Hopkins, American Maize-Products Company. 
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rectness of these indications of molecular size was fully confirmed by de. 


terminations of molecular weight carried out by Dr. F. R. Senti and Dr f 


N. N. Hellman and described in this paper. 
Lack of Reducing Capacity—Molecules of eeid-hydeclgued dextrans 


possess an actively reducing glucose terminal unit, measurement of which f 
permits calculation of the number average molecular weight, M, (18). f 
Molecules of the streptococcal dextran evidently have, in place of a reducing | 


terminal group, a non-reducing 8-p-fructofuranosyl unit that can be split 
off by invertase action. 
Mixtures containing 3.0 ml. of a 10.0 per cent aqueous solution of dex. 


tran (Preparations 18SII, 24, or commercial plasma substitute) plus 1.0 | 
ml. of purified yeast invertase in 0.1 m acetate buffer (pH 4.5) or 1.0 ml. } 


of the buffer without enzyme, were placed in a bath at 46°. After 24 hous 
incubation, when the slow enzymatic action had reached completion, 
analyses were made for total reducing power, calculated as maltose (19, 20), 
and for the content of ketose sugar which remained soluble on treatment 
of the mixtures with ethanol to 90 per cent concentration (21); the values 
obtained were used to calculate apparent reducing end group concentra 
tions and approximate M, values for the dextrans. The mixtures wer 


also subjected to multiple ascending paper chromatography in 6:4: | 


n-butanol-pyridine-water (22) to obtain information on the nature of any 
sugar present. 

It is apparent (Table III) that the streptococcal dextrans in buffer 
showed little reducing power compared to the acid-hydrolyzed product of 


similar M,. Calculations made on the assumption that a reducing end § 


group is present led to number average molecular weights (Mn > 140,000) 
more than twice the weight average molecular weights determined by 
light scattering (Mw = 54,300; 60,100), an impossible relationship on 
theoretical grounds (23). The molecules thus seem to lack a reducing end 
group, a condition that might have some advantage in a clinical dextran 
(24). 

When incubated with yeast invertase, the streptococcal preparations 
showed a great increase in reducing power. Roughly half of the new re 
ducing power was due to a ketose sugar, further identified on chromato 
grame as fructose, which was present in 90 per cent ethanol extracts d 
the invertase-dextran mixtures and which evidently had been released from 
the dextran molecules,t ‘The remainder of the reducing, power could be 
attributed to newly acquired reducing end groups of the dextrans, mine 


‘An origin for the fructose in some accompanying aubstance rather than in the 
dextran itaelf seema moat unlikely, The resulta of serological testa exclude the por 
sibility that traces of levan might be the source, while solubility considerations # 
well as the absence of glucose on chromatograms which show the liberated fructow 
(Table III) exclude the possibility that traces of sucrose might be the source. 


1C 


3 
4 
St 
N 
| St 
Ac 
COs 
tre 
tel 
te) 
til 
th 
el 
ma 
de 
le 


E. J. HEHRE 745 


it permitted calculation of number average molecular weights (M, = 


31,100; 39,200) now suitably related to the molecular weights determined 


by light scattering. The new values approach those of the hydrolyzed clin- 
ical dextran, which showed no change on incubation with invertase. 
Molecules of the Streptococcus 50 dextrans thus appear to possess a non- 


' reducing §-D-fructofuranosyl terminal, the removal of which by yeast 
 §-p-fructofuranosidase action leaves the polymer with a new, reducing 


TABLE III 
Action of Yeast Invertase on Mid-Fraction Preparations of Streptococcus 60 Dextran 
Reducing | ‘Soluble | Reducing |Mol. wt., Mn, Mol. wt., 
Composition of incubated mixtures power, as |ketose,’’ as, end group from reducing Mw th 
maltose | fructose dextran| end group 
1 
(A)* (B)* |(A—B)*| (A —B) 
Streptococcus DS, 50 Invertase 49.3 17.2¢ | 32.1 31,100 54,300t 
Native dextran, mid- | Buffer 9.2 2.3 6.9 |(145,000) . 
fraction 18SII 
Streptococcus DS, 50 Invertase | 47.8 22.3f | 25.3 39, 200 60, 100t 
Native dextran, mid-| Buffer 9.0 1.9 7.1 |(141,000) ‘ 
fraction 24 
L. mesenteroides Invertase 33.7 0.1 33.6 29, 800 56, 000§ 
Acid-hydrolyzed clinical) Buffer 35.3 0.4 34.9 28, 700 ; 
dextran§ 


* The values are given in micromoles per gm. of dextran corrected for slight re- 


ducing power of invertase. 


¢t Chromatograms showed a single sugar, migrating and reacting as fructose; glu- 
cose was not detected. No sugar was found on chromatograms of the other (con- 
trol) mixtures. 

t Data of Dr. F. R. Senti and Dr. N. N. Hellman (see the text). 

§ Lot 252X1, derived from NRRL B-512 substrain, was kindly furnished by Mr. 
M.L. Bachmann, the Commercial Solvents Corporation. 


terminal unit. ‘These features suggest that the molecules actually may 
terminate with a sucrose group, as is the case with a number of fructans 
and oligosaccharides. ‘The high proportion of fructose (0.27 and 0.37 
per cent) released from Preparations ISSIL and 24 further differentiates 
these products from previously described bacterial dextrans.’ Jeanes 
‘al, (1A) have shown that the natural dextrans in a large series contained 
ho more than about per cent fructose,  Streplococeus (NRRL 
WelS51) dextran wan the sole exception, Tt had a high fructose content 


‘J. Corman, C. 8. Stringer, and HM. Tauchiya (personal communication, Dr, 
H.M. Tsuchiya) have found, in independent studies, that the low molecular weight 
dextran component formed by the action of L. mesenteroides NRRL B-512F dextran- 
sucrase upon 3O per cent sucrose also contains fructose, at least part of which is re- 
leased on treatment with yeast invertase but not by honey invertase. 
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(0.26 per cent) by the anthrone method (14), as observed in the present 
work. 


Mode of Formation of Streptococcus 50 Dextran 


The manner in which the unusual Streptococcus 50 dextran is formed was | 


identified by studying the isolated dextran-synthesizing enzyme system 


(cf. (16)) of the culture, obtained as follows. Strain 50 was cultivated | 
for 20 hours at 37°, without agitation, in a medium containing 10 per cent | 


TABLE IV 


Comparison of Deztran Synthesis from Sucrose by Streptococcus 60 
and L. mesenteroides B Enzymes 


Mixtures of 3.0 ml. of enzyme plus 3.0 ml. of 20 per cent sucrose in 0.1 M acetate | 
buffer (pH 5.0) incubated 24 hours at 25°. Values are for products formed and ar | 
corrected for contents of similarly incubated mixtures with heat-inactivated en. | 


zyme. 
Dextran 
Precipitated between : 
Source of enzyme limits of me ab as 
Total ructose 
0-40 percent 40-65 
methanol | Pet 
mg. per ml. | mg. per ml. | mg. per ml. mg. per mi. 
Streptococcus DS, 50................... 0.9 19.6 20.5 32.8* 
L. mesenteroides, B (16)................. 12.8 0.6 13.4 15.2 


The bibliographic reference is given in parentheses. 
* Chromatograms showed abundant amounts of fructose and of a second reducing 
sugar (see footnote 6) migrating at a rate intermediate between maltose and iso- 


maltose. 
+ Chromatograms showed an abundant amount of fructose and a barely detectable 


trace of a slowly migrating reducing sugar. 


sucrose, 2 per cent K,HPO,, and 0.43 per cent corn steep-solids. The cul- 
tures were centrifuged to remove bacterial cells, and each liter of fluid was 
treated with 375 gm. of ammonium sulfate. An extract of the sediment 
was made with distilled water (20 ml. per liter of culture), dialyzed in the 
cold against 0.1 M acetate buffer (pH 5.0), and finally clarified by centnifu- 
gation. 

Table IV illustrates that synthesis of dextran from sucrose catalyzed by 
this streptococcal enzyme differs from that brought about by a typical L. 
mesenteroides dextransucrase (16). Only a small part of the dextran pro- 
duced by the former was precipitated from solution by 40 per cent methanol, 
an in the living cultures, whereas nearly all of the dextran aynthenized by 
the L, mesenteroides enzyme wan precipitated under these conditions, 
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Moreover, the dextran formed by the streptococcal enzyme was accom- 
panied by large amounts of two reducing sugars, identified from their reac- 
tions and mobilities on paper chromatograms as fructose and (probably) 


Jeucrose, which is 5-O-p-glucopyranosy]-p-fructopyranose (25); in con- 
trast, the dextran (13.4 mg. per ml., or 83 mm) formed by the L. mesen- 
- teroides enzyme was accompanied by a closely corresponding amount of 
' fructose (15.2 mg. per ml., or 84 mm) as virtually the sole by-product. 


The same streptococcal enzyme preparation was without demonstrable 


- degradative effect upon dextran. Mixtures with several native L. mesen- 


feroides dextrans in 1 per cent final concentration, incubated and analyzed 


along with those of the experiment in Table IV, showed no loss of dextran 
_ precipitable by 40 per cent methanol, or gain of polysaccharide precipitable 
in the range of 40 to 65 per cent methanol; moreover, no increase in reduc- 


ing power (19) occurred, and no sugar appeared on paper chromatograms 
made of the mixtures. 

It would seem most probable that the Streptococcus 50 dextran owes 
both its relatively low molecular weight and its 6-p-fructofuranosyl end 


| group to synthesis by an enzyme that utilizes sucrose as an acceptor sub- 
_ strate much more readily than the usual dextransucrase. The reaction 
might be represented as 


n glucose < > fructose + glucose < > fructose — 


(glucose <), -glucose < > fructose + n fructose 


where n glucosyl units (from several hundred rather than many thousand 
sucrose molecules) are transferred to chains built on the glucose moiety of 
each initiator sucrose molecule. That the streptococcal enzyme has unusu- 
ally high affinity for acceptor substrates is further suggested by the forma- 
tion of an oligosaccharide by-product, apparently by the transfer of a glu- 
cosyl unit from sucrose to fructose (6),® under conditions in which ordinary 
dextransucrase forms little or none of this by-product. 


Note on Molecular Weight and Ultracentrifugal Sedimentation Patterns of 
Streptococcus 50 Dextran 


By Freperic R. Sent1 anp Nison N. HELLMAN 


(From the Northern Utilization Research Branch, Department of Agriculture, 
Peoria, Illinois) 
Molecular weights of the whole soluble native dextran of Streptococcus 
0, a8 well as of several fractions prepared from it, were determined by a 


*A sample of the impure sugar, separated from a streptococcal enzyme-nucrose 
digest, was kindly examined by Dr, HM, Tsuchiya who found (personal communi- 
cation) ita mobility on paper identical with that of an authentic sample of leucrose 
(26), 
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light scattering procedure, with the use of a slightly modified Brice-Phoen}; 
photometer as described elsewhere (26). Found, for the whole natiy, 


preparation 18S, M. = 58,200; for fraction 18SI (0 to 43 per cent methang f 


precipitate from 18S, 17 per cent yield), M, = 199,000; for fraction 189] 


(43 to 50 per cent methanol precipitate from 18S, 49 per cent yield), M, = 
54,300; for fraction 18SIII (50 to 65 per cent methanol precipitate from 


188, 21.5 per cent yield), My = 11,200. Thus, the average molecul;} 


TABLE V 
Characterization of Mid-Fraction Preparations and of Their Subfractions 
Average 
Mid-fraction molecular 
weight 
Yield Mol. wt. Yield Mol. wt. 
per cent per cent 
54,300 12.0 96,700 12.5 21,500 
60, 100 12.2 103, 000 12.4 25, 800 


ARBITRARY UNITS 
oO 


HEIGHT, 


DISTANCE FROM MENISCUS, MM. 


Fic. 1. Sedimentation diagrams of Streptococcus 50 dextran preparations as com- 
pared to clinical dextran. Experimental conditions: dextran in 0.4 per cent aqueou 
solutions, centrifuged 170 minutes at 47,760 r.p.m. (165,000 K g). Curve A = whol 
native dextran 18S, Curve B mid-fraction 18SII, Curve C = clinical dextran, 
Commercial Solvents Corporation lot No. 252X1. 


o2 


weight of the whole soluble dextran 18S is in the range designated by mil: 
tary purchase specifications as acceptable for clinical dextran (27). Hovw- 
ever, the molgcular weights of fractions 18SI and 18SIII, and their yields 
from 18S, indicate that the unfractionated native streptococcal dextran 
possesses too wide a molecular weight distribution for clinical dextran 
Military purchase specifications require that the molecular weights of the 
highest and lowest molecular weight subfractions, in amounts not exceed- 
ing 10 per cent, should not exceed 200,000 or be less than 25,000, respec: 
tively. 
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On the other hand, as shown in Table V, the middle fraction 18SII of 
the streptococcal dextran had nearly the desired molecular weight distribu- 


‘tion. Its highest molecular weight subfraction in particular was well 


within the upper limit of tolerance. The same may be said for mid-fraction 
Preparation 24, which had been isolated from a separate culture containing 
corn steep-liquor rather than yeast extract as the source of nitrogen. Pos- 
sibly because it had been precipitated initially by 55 per cent methanol 


instead of by 65 per cent ethanol, Preparation 24 had a slightly higher 
molecular weight than 18SII. 


The changes in molecular distribution resulting from fractionation of 


- 188 dextran, and the approximate suitability of the distribution of 18SII 


for clinical dextran, were further confirmed by ultracentrifugal examina- 
tion. Sedimentation diagrams were determined by using a Spinco model 
E ultracentrifuge as reported elsewhere (26). Fig. 1 compares the sedi- 
mentation diagrams for 18S, 18SII, and a commercial clinical dextran after 
centrifugation of 0.4 per cent solutions for 170 minutes at 47,760 r.p.m. 
(165,000 X g). Fractionation of 18S evidently removed much slow sedi- 
menting (presumably low molecular weight) material, leaving fraction 
I8SII very similar to the commercial clinical dextran. 


SUMMARY 


1. A non-hemolytic streptococcus from the blood of a patient with sub- 
acute endocarditis has been found to convert sucrose to a dextran that 
closely resembles (except for its somewhat wider molecular weight distri- 
bution) the plasma substitutes made from hydrolysates of ordinary dex- 
trans. 

2. By fractionation between 43 and 50 per cent methanol, a portion 
amounting to half of the natural streptococcal product is obtained which 
is truly a dextran of clinical size as judged by optical rotation, behavior on 
periodate oxidation, intrinsic viscosity, serological reactivity, sedimenta- 
tion pattern on ultracentrifugation, and molecular weight distribution by 
light scattering. In so far as the molecular weight of this material (54,300; 
60,100) reflects the fractionation procedure, it should be possible to recover 
in equally good yield material of somewhat larger size, if desired, by ad- 
justing the fractionation. 

3. Molecules of the streptococcal dextran, unlike those of acid-hydro- 
lyzed dextrans, lack an actively reducing glucose terminal. In its place, 
they have a non-reducing 6-p-fructofuranosyl unit (presumably linked as 
in sucrose) which can be split off by yeast invertase. Because of the ex- 
tremely large size of ordinary dextran molecules, no information had 


; hitherto been obtained on the character of the “reducing end” of a natu- 


rally formed dextran. 
4. Studies made with the separated, cell-free, dextran-synthesizing en- 
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zyme system of the streptococcal strain show that the dextran is formed by 
a limited polymerization reaction rather than by the enzymic degradatio, 
of a dextran of high molecular weight. The streptococcal dextran ap. 
parently owes both its relatively low molecular weight and its 6-p-fructo. 
furanosyl end group to synthesis by an enzyme able to use sucrose ag ap 
acceptor substrate much more readily than the usual dextransucrase, 
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THE ROLE OF LACTIC ACID PRODUCTION IN GLUCOSE 
ABSORPTION FROM THE INTESTINE* 


By T. HASTINGS WILSON} 


(From the Department of Biochemistry, Walter Reed Army Institute of Research, 
Walter Reed Army Medical Center, Washington, D. C.) 


(Received for publication, March 5, 1956) 
Weil-Malherbe (1) and Dickens and Weil-Malherbe (2) have shown 


that the mucosa of the rat small intestine produces large amounts of lactic 
- acid aerobically. Recent work (3-6) indicates that during glucose absorp- 


tion in vitro one third to two thirds of the glucose lost from the mucosal 


' side of the rat intestine is converted into lactic acid, the exact fraction 
. varying somewhat with different 7m vitro methods. The lactate produced 
’ in such preparations appears in higher concentration on the serosal side 
' than on the mucosal side. These experiments suggest that one of the 
» mechanisms of glucose absorption from the lumen of the intestine in the 
rat is the conversion of glucose to lactate in the epithelial cells followed by 
' the discharge of lactate into the blood. 


Hestrin-Lerner and Shapiro (7-9) first suggested that glucose was ab- 


sorbed by the rat in some form other than glucose. They found that 


during the absorption of radioactive glucose by preparations of rat intestine 
either in vitro or in vivo some radioactive metabolite was formed. In their 
experiments 77 vitro small quantities of both glucose and lactate were found 
on the serosal side, but the major fraction of the activity was found in a 
neutral substance which has not, as yet, been identified. Newey, Smyth, 
and Whaler (10) have confirmed the previous observations of lactic acid 
gradients across the rat intestine in vitro but have been unable to find any 
other major metabolite in their preparation. 

The purpose of the present study is to extend the earlier observations 
on lactate production during glucose absorption in vitro. 


Methods 


Preparation of Tissue—Most experiments were performed with sacs of 
everted small intestine. Segments of the intestine were everted, filled 
with fluid by means of a blunt needle attached to a syringe, and tied at 
both ends as described previously (4). Incubation was carried out in 50 


* A preliminary report of this work was presented at the Forty-seventh annual 
meeting of the American Society of Biological Chemists, Atlantic City, New Jersey, 
April 16-20, 1956. 

t Present address, Department of Biological Chemistry, Washington Univer- 
sity, St. Louis, Missouri. 
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ml. conical flasks. In a few experiments a method modified from Fishe 
and Parsons (11) and Darlington and Quastel (12) was used. This method, 
which is described in detail elsewhere (13), involved the circulation of 9 
ml. of oxygenated bicarbonate-saline on each side of a segment of smal 
intestine (about 25 cm. in length). For studies on lactate productio, 
from various sugars thin rings were cut from everted small intestine. 

of tissue from a tubular organ were used by Lutwak-Mann (14) in a study 
with mouse stomach and by Agar, Hird, and Sidhu (15) with rat intestine 
The 1 mm. thick rings used in this study were assumed to be adequately 
oxygenated, since four surfaces were available for diffusion of oxygen, 


By pooling 100 or more small rings and removing about fifteen per flask F 


the variations due to differing locations along the intestine were largely 


eliminated. The solutions used were either bicarbonate-saline (16) gassed F 


with 5 per cent CO, and 95 per cent O2 or phosphate-saline (17) gassed with 
100 per cent Or. 


Radioactive Experiments—Glucose! uniformly labeled with C™ was found | 
to be pure when tested by paper chromatography. With the aid of carrie | 
glucose (100 mg.), the radioactive glucose was isolated as the glucosazon : 
which was twice recrystallized from ethanol. The osazone (about 30 mg) F 
was dried (on an area about 2.5 sq. cm.) and counted, and the counts wer | 


corrected for self-absorption. 


The samples to be analyzed for radioactive lactate were treated with 


CuSO, and Ca(OH)2 to remove glucose, carrier lactate (30 mg.) having 


been added previously. The lactate in an aliquot of this solution wa 7 


oxidized to acetaldehyde with CeSO, according to the method of Elsden 
and Gibson (18). The acetaldehyde, instead of being collected in bisul- 
fite, was collected in a solution of 0.2 per cent 2 ,4-dinitrophenylhydrazine 
in 6N HCl. About 80 per cent yield was obtained. After recrystalliz- 


tion from ethanol the hydrazone (about 30 mg.) was counted and the counts 


were corrected for self-absorption. In calculating the activity of lactic 
acid it was assumed that the specific activity of the CO. lost during oxida 
tion had the same specific activity as each of the remaining carbons in the 
acetaldehyde. This appeared to be a reasonable assumption in thew 
experiments since uniformly labeled glucose was converted to lactic acid 
All counts were made with a gas (methane) flow counter and sufficient 
counts were recorded to reduce the counting error to less than 5 per cent. 

Analytical Methods—Reducing sugar and lactic acid were estimated 
colorimetrically by the methods of Somogyi (19) and Barker and Sum- 
merson (20), respectively. Anaerobic acid production was determined 
manometrically by CO:2 evolution from bicarbonate-saline which was pre 
viously gassed with 5 per cent CO, and 95 per cent Ne. This method ha 


1 Nuclear Instrument and Chemical Corporation, Chicago, Illinois. 
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been shown to give a good measure of lactic acid production by intestinal 
mucosa (2). Descending paper chromatography was used with n-butanol- 
acetic acid-water (4:1:5) and n-butanol-pyridine-water (6:9:3) as sol- 
vents. 

Units for Lactate Production and Sugar Utilizateon—The metabolic quo- 
tients used in this paper consist of the following: Q (lactate) = microliters 
of lactate produced per mg. dry weight per hour. Q (glucose utilized) = 
microliters of glucose disappearing from the system per mg. dry weight 
per hour. Q (glucose transported) = microliters of glucose on the serosal 
side at the end of an experiment in excess of that initially present per mg. 
dry weight per hour. These substances are expressed as microliters of 


| gas (1 umole = 22.4 ul.). 


Results 


Conversion of Radioactive Glucose to Lactic Acid—In preliminary experi- 
ments, an attempt was made to identify the products of metabolism of 
radioactive glucose during its absorption by sacs of everted jejunum from 


? the rat and hamster. Radioactive glucose was added to the mucosal side 
- of sacs of jejunum and incubated for 1 hour at 37°, and the solutions from 


the two sides of the intestine were run on paper chromatograms. Small 
amounts of pyruvate and a ninhydrin-reacting material with an R, cor- 
responding to that of alanine were found, but these accounted for less than 
2 per cent of the total radioactivity. The major portion of the radioac- 
tivity resided in the glucose and lactate spots on the chromatograms. 
Experiments were then performed in which both the glucose and lactic 
acid were isolated at the end of an incubation (with the aid of non-radio- 
active carrier) in the form of solid derivatives. Table I shows the results 
of asample experiment of this type. Of the 9.6 mg. of glucose which disap- 
peared from the mucosal side 3 mg. were transported across the wall as 
glucose and more than 4.3 mg. of lactic acid were produced. The specific 
activity of the glucose which appeared on the serosal side was about 10 
per cent lower than that initially present on the mucosal side, indicating 
a small amount of dilution with non-radioactive glucose. The specific 


activities of the Jactic acid samples on the two sides of the gut were similar. 


85 per cent of the initial radioactivity could be accounted for at the end 
of the experiment as glucose or lactic acid. An additional few per cent of 
the initial radioactive glucose was presumed to be converted to CO, (10), 
although this was not measured in these experiments. There remained 
10 per cent or less which could not be accounted for. 

A summary of three additional experiments of this type is shown in 
Table II. In these experiments the total lactate production was about 
equal to the glucose transported. The average Q (glucose transport) for 
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the two jejunal sacs was 6.7 and that for the ileal sac was 2.9. The ay. 
erage Q (lactate) was 16 for the two jejunal sacs and 4 for the ileal sac. 


TABLE 
Absorption of Radioactive Glucose by Rat Jejunum 


Jejunal sac (235 mg. wet weight) incubated for 1 hour at 37° in bicarbonate-saline 
gassed with 5 per cent CO: and 95 per cent O2. The initial mucosal solution (4 § 
ml.) contained radioactive glucose; the initial serosal solution (0.86 ml.) contained § 
no sugar. The final serosal volume was 0.97 ml. After incubation the tissue was | 


homogenized in 5.0 ml. of boiling water. 


Location Substance Total activity 
700 La még. c.p.m. 
Initial mucosal Glucose 372 14.9 95, 500 1, 425,000 
Final serosal o 310 3.01 86, 500 260, 000 
Lactate 199 1.93 89,400 173,000 
‘¢ mucosal Glucose 135 5.25 92,000 483, 000 
Lactate 61 2.38 87, 400 208, 000 
Gut wall Glucose 44,000 
Lactate 42,000 
TaBLeE II 


Absorption of Radioactive Glucose by Rat Intestine 


Sacs of small intestine incubated for 1 hour at 37° in bicarbonate-saline gassed 


with 5 per cent CO, and 95 per cent O2. The solution on the mucosal side initially 
contained radioactive glucose; that on the serosal side contained no sugar. The wet 
weights of tissue were 443, 592, and 503 mg., respectively. See Table I for the gen- 
eral procedure. 


Per cent of initial radioactivity 
Location Substance 
Jejunum Jejunum Tleum 

Serosal side Glucose 35 19 11 
Lactate 14 12 4 
Mucosal side me 16 15 2 
Gut wall Glucose 5 6 5 
Lactate 4 7 3 
Mucosal side | Glucose 15 34 60 
Unaccounted for | 11 | 7 15 


the total activity on the serosal side about one third was lactate. Between 
85 and 90 per cent of the initial radioactivity could be accounted for 4 
lactate or glucose. 

Similar experiments were performed with sacs of everted jejunum from 
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the golden hamster (Table IIT). Considerable amounts of glucose were 
transported to the serosal side and relatively little lactate was formed. 
This agrees with previous observations (4-6). 4 to 6 times as much glu- 
cose was absorbed as glucose than was converted to lactate. In the second 
experiment of this group a small amount of tissue was used and only about 
40 per cent of the glucose was absorbed from the mucosal side. As a 
result, the value ‘‘unaccounted for” was a smaller percentage than in the 
other two. The specific activity of the lactate was only slightly lower 
than that of the initial glucose, indicating that most of the lactate was de- 
rived from the added glucose. 

Effect of Glucose Concentration and Orientation on Lactate Production— 
Experiments were performed to test the hypothesis that lactate production 
is involved in glucose absorption. If this theory were correct, one would 


TABLE III 
Absorption of Radioactive Glucose by Hamster Jejunum 
Sacs of jejunum incubated for 1 hour at 37° in bicarbonate-saline gassed with 5 
per cent CO, and 95 per cent O.. The solution on the mucosal side initially con- 
tained radioactive glucose; that on the serosal side contained no sugar. The wet 
weights of tissue were 509, 169, and 384 mg., respectively. See Table I for the gen- 
eral procedure. 


| Per cent of initial activity 
Location | Substance 

| Hamster (A) Hamster (B) Hamster (C) 
Serosal side | Glucose 54 31 53 
| Lactate 7 10 
Mucosal side | “ 4 1 5 
Gut wall | Glucose 8 2 4 
Lactate 3 2 
Mucosal side Glucose | 8 58 12 
Unaccounted for 16 4 14 


expect that more lactate would be produced when the intestine is absorb- 
ing glucose than when absorption is not occurring. Use was made of a 
modified circulation unit type of in vitro preparation (13) in which the 
volumes of fluid on the two sides of the intestine were fairly large (20 ml. 
on each side). The large ratio of fluid to tissue insured the maintenance 
of a moderately constant glucose concentration during the experiment. 
The addition of glucose (150 mg. per cent) to the solution on the serosal 
side of the gut resulted in lactic acid production somewhat above that of 
the control without sugar (see Table IV). When glucose was added to 
the solution on each side of the intestine 6 times as much lactate was pro- 
duced than in the control. A further increase was noted when 1 per cent 
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glucose was added to the mucosal side. The glucose utilization was gly 
greatly increased by the addition of glucose to the mucosal side, in confirma. 
tion of the experiments of Fisher and Parsons (21). 


TaBLe IV 
Effect of Glucose Concentration on Lactate Production 
The everted upper ileum (about 150 mg. dry weight) from a rat was placed in the 
modified circulation unit (13) and 20 ml. of bicarbonate-saline, gassed with § per 
cent CO, and 95 per cent O2, were circulated on each side of the intestinal wall for 
1 hour at 37°. Lactate was not determined in the gut wall. Each value represents 
the average of five experiments. 


Glucose concentration 
Q (glucose utilized) Q (lactate) — 
Serosal side Mucosal side 
mg. per 100 ml. mg. per 100 ml. ary qr) y dry 

0 0 1.1 
150 0 2.9 2.0 0.9 
150 150 7.5 6.5 5.4 
150 1000 12.6 10.2 9.1 


* Q (lactate) values corrected for the lactate produced in the absence of glucose, | 


TABLE V 
Lactate Production with Radioactive Glucose on Serosal Side 


Jejunal sac (362 mg. wet weight) from the rat incubated for 1 hour at 37° in bi- 
carbonate-saline gassed with 5 per cent CO, and 95 per cent O2. The initial solution 
on the serosal side (1.00 ml.) contained radioactive glucose; that on the mucosal 
side (5.00 ml.) contained non-radioactive glucose. Final volume on the serosal side 
was 1.50 ml. After incubation tissue was homogenized in 5.5 ml. of boiling water, 


Location Substance Total activity 
"60 mg. c.p.m. 

Initial mucosal Glucose 384 19.2 
serosal 384 3.84 73, 000 280, 000 
Final serosal ste 600 9.00 20, 200 182,000 
" 5 Lactate 173 2.60 13, 300 34, 600 
‘* mucosal Glucose 92 4.14 3,750 15, 500 
ee 25 Lactate 67 3.01 10,700 32, 200 
Gut wall Glucose 12,800 
Lactate 22,700 


The lactate gradients in these experiments were never more than 2- to 
3-fold, which is lower than those previously reported for the Fisher and 


Parsons preparation (6). One of the major differences between the two 
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types of experiments is the large fluid movement from mucosal to serosal 
sides in the case of the Fisher and Parsons method. It is conceivable that 
the movement of fluid may influence the movement of lactate. 

Another test of the hypothesis was to expose the serosal side of the gut 
wall to radioactive glucose and the mucosal side to non-radioactive glucose 
and then determine the radioactivity of the lactate produced. Table V 
shows the result of one such experiment. In the face of considerable 
transport of non-radioactive glucose from mucosal to serosal sides there 
was a flux of radioactive glucose in the opposite direction. This flux 
amounts to a Q value (microliters per mg. dry weight per hour) of about 


| 0.5. A similar value was obtained in a second experiment. The lactate 


on each side of the gut had about the same specific activity, indicating that 
both were produced from the same location. The calculation in Table VI 


TaBLeE VI 
Proportion of Lactate Derived from Glucose on Two Sides of Rat Intestine 
Experimental data for these calculations given in Table V. The mean specific 


' activity indicates the average of initial and final specific activity. The percentage 
’ of lactate derived from the glucose on the serosal side was calculated from (C)/- 
» ((B) — (A)) X 100. 


| Mean specific activity of glucose on side C.p.m. per 1,900 
rosal side (B ), ¢.p.m. per m Orr eee 46,500 
Specific activity of lactate on side 12,000 
per cent 
_ Proportion of lactate derived from glucose on mucosal side. ... 73 


* Average specific activity of the lactate on the two sides (see Table V). 


indicates that the specific activity of the lactate was closer to the mean 


activity of the glucose on the mucosal side than that on the serosal side. 
It may be calculated that about three quarters of the lactate was derived 
from glucose on the mucosal side. This confirms the conclusion of the 
previous non-radioactive experiment. 

Effect of Bicarbonate and Phosphate Buffers—Four consecutive sacs of 
rat jejunum were prepared, alternate sacs being placed in phosphate and 
bicarbonate buffers. The average of four pairs of sacs indicates that 60 
per cent more lactate was produced in the presence of bicarbonate than 
phosphate (see Table VII). Likewise, more glucose was utilized by the 
tissue in bicarbonate. The importance of bicarbonate for maximal anaero- 
bic glycolysis was first shown in tumor slices by Warburg, Posener, and 


Negelein (22). 


Lactate Production from Variety of Sugars—Thin rings of small intestine 


have been found quite useful in the study of lactic acid production. Varia- 
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tions due to locations along the intestine (5) can be largely eliminated by 
mixing many small rings together and taking aliquots of fifteen to twenty 


VII 
Effect of Bicarbonate and Phosphate Buffers on Lactate Production 
Four consecutive jejunal sacs were prepared from each of two rats. Alternate 
sacs were placed in bicarbonate-saline (gassed with 5 per cent CO, and 95 per cent 
O,) and phosphate-saline (gassed with 100 per cent 02). Incubation for 1 hour at 
37°. Q units represent microliters per mg. dry weight per hour. 


Q (lactate) Q (glucose utilized) 
Rat Sac No. 
B Phosphate buffer} Phosphate buffer 
A 1 8.4 5.7 
2 15.8 8.7 
3 8.6 7.1 
4 11.0 7.9 
B 1 15.0 8.8 
2 8.5 5.5 
3 13.5 8.6 
4 9.0 3 5.7 
TaB.LeE VIII 


Lactic Acid Production from Variety of Sugars 


The rings of everted jejunum were incubated for 1 hour at 37° in bicarbonate- 
saline containing 0.2 mg. of sugar per 100 ml. Solution gassed with 5 per cent CO, 
and 95 per cent O2 or Ne. Aerobically the lactate was estimated chemically; an- 
aerobically it was estimated manometrically. Each value represents the average of 
three determinations. Values below 6 per cent are taken as zero. 


Lactic acid production expressed as per cent of that produced 
from glucose 
Sugars Rat Hamster 

Aerobic Anaerobic Aerobic Anaerobic 
100 100 100 100 
47 0 170 21 
50 62 24 89 
0 0 26 13 
3-Methylglucose............... 0 0 0 0 
0 0 | 0 0 


per flask. Table VIII shows the aerobic and anaerobic lactic acid pro- 
duction by the small intestine in the presence of a variety of sugars. In 
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each case control ring experiments were run without addition of sugar and 
the small lactate production was subtracted from each of the experimental 
values. Anaerobically the Q (lactate) of jejunum in the presence of 200 
mg. per cent glucose was about 16 for the rat and 9 for the hamster. Aero- 
bically, glucose, fructose, and mannose all were converted to lactic acid 
by the jejunum of both animals, fructose being more readily utilized by 
the hamster. Since the hamster is capable of converting considerable 
amounts of fructose to glucose under these conditions (23), it is not sur- 
prising that it gives at least as much lactate as glucose. Neither xylose 
nor 3-methylglucose is converted to lactate by the intestine. A small 


TABLE IX 
Lactate Production and Glucose Transport by Mouse Jejyunum 
Sac of everted jejunum (28.8 mg. dry weight) incubated in bicarbonate-saline for 
1 hour at 37°. | 


Glucose Lactate 
Volume 

ml. "100 mt. mg 100 tal, mg 

Initial mucosal................... 3.00 200 6.00 | 0 0 
Final mucosal.................... 2.63* 25 0.66 39 1.03 

Initial serosal.................... 0.48 200 0.96 0 0 
0.85 302 2.57 176 1.50 
Change on mucosal side........ —5.34 +1.03 


* Calculated from the three measured volumes, assuming no tissue swelling or 
evaporation. 


amount of lactic acid was apparently produced from galactose by the ham- 
ster intestine. The galactose used in these experiments had been recrystal- 
lized once and contained only trace amounts of glucose. 

Aerobic Lactate Production by Different Animals—The small intestine of 
the mouse, like that of the rat, produced large amounts of lactic acid during 
glucose absorption. Table IX shows one experiment in which 5.34 mg. 
of glucose were lost from the mucosal side of the intestine, 1.61 mg. being 
transported across the wall as glucose and 2.53 mg. being converted into 
lactate. This lactate appeared predominantly on the serosal side; the con- 
centration on the serosal side was 4.5 times that on the opposite side. 
Likewise, in the five experiments given in Table X the conversion of glucose 
to lactate exceeds the glucose transport. 

Table X shows the relative lactate production by the intestine of a vari- 
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ety of animals. The jejunum of both rat and mouse produced consider. 
ably larger amounts of lactic acid during glucose absorption than did that 
of guinea pig, rabbit, and hamster. The intestine of the guinea pig and 


rabbit was somewhat difficult to handle in the sac experiments owing to the 


rather violent peristalsis. 
Possibility of Synthesis of Hexose from 3-Carbon Units—The possibility 


was considered that hexose was broken down to triose and resynthesiged § 


again to hexose as a mechanism of sugar transport. Net synthesis of hexog 
from added triose was not observed when large amounts of lactate wer 


X 


Lactic Acid Production and Glucose Tranaport by Segments 
} 
of Jeyunum from Various Animala 


Segmenta of jejunum (aaca unless otherwise indicated) incubated in bicarbonate. 


saline for | hour, ITnitial concentration of glucose equal on the two sides of gut, 
The figures in parentheses indicate the number of experiments performed. 


Animal Temperature Q (lactate) 

mg. per 100 ml. °C. | 
300 37 8 (7) 22 (7) 
400T 32 4 (8) 14 (7) 
200 37 4 (5) 20 (5) 
150 37 14 (3) 5 (3) 
200t 37 16 (5) 7 (5) 
150 30 1 (2) 2 (2) 
Rabbit........ 200 37 3 (5) 2 (5) 


* Method of Fisher and Parsons. Previously reported (6). 


ft Previously reported (4). 
t Modified circulation unit. 


added to hamster intestine in vitro. 


Two experiments were performed in 


an attempt to test this hypothesis in the case of galactose and 3-methyl- 
glucose. A sac of hamster jejunum was incubated with radioactive glucose 
on the mucosal side (to label the pool of pyruvate and lactate). Galactose 
was simultaneously placed on the mucosal side. The galactose emerging 
from the serosal side of the gut would be expected to contain radioactivity 
if any intermediate in glucose metabolism were common to an intermediate 
in the galactose transport mechanism. No radioactivity was found in the 
galactose on the serosal side. A similar experiment was performed with 
radioactive glucose and 3-methylglucose. The 3-methylglucose _trans- 
ported to the serosal side contained no radioactivity. 
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DISCUSSION 


Aerobic lactic acid production has been demonstrated in a number of 
normal adult animal tissues. Retina (24), leucocytes (25), and kidney 
medulla (26) have all been shown to possess aerobic glycolysis. Recently 
an interesting example of aerobic glycolysis has been shown in the gas 
gland of the swim bladder of the fish (27). In this case it is believed to 
be involved in oxygen secretion into the swim bladder. ‘The intestinal 
mucosa of certain animals also appears to produce lactic acid aerobically, 

[tis felt that the lactic acid produced by rat intestinal mucosa is not an 
artifact, owing to inadequate oxygenation but true aerobic glycolymis, 
Dickens and Weil-Malherbe (2) studied sheets of mucona (separated from 
the muscular layer) which were about 0.06 mm. in thickness and oxygen 
ated from both sides, ‘The full thickness of rat jejunum under the condi 
tions of sac experiments was found to be 0.2 to 0.3 mm, (5). With a Qo, 
of 15 to 20, tissue of this thickness should be well oxygenated with 95 per 
cent oxygen in the gas phase on both sides. Experiments have been per- 
formed at 32° with sacs of rat jejunum to determine whether the high rates 
of aerobic glycolysis would continue under conditions less likely to produce 
anoxia. If a tissue that is partly anoxic when incubated at one tempera- 
ture is placed in an environment at a lower temperature, its oxygen require- 
ment will be less and it will tend to be adequately oxygenated at the lower 
temperature. Lowering the incubation temperature of sacs of rat jejunum 
from 37-32° did not abolish aerobic lactic acid production, but it decreased 
to about the same extent as that of respiration (5). It is also of interest 
that, although the small intestine of the guinea pig and rabbit is definitely 
thicker than that of the rat and mouse, practically no lactic acid was pro- 
duced aerobically by the former with the conditions under which the latter 
produced large amounts. Confirmation of these findings in living animals 
would be desirable, however, since some factor stimulating aerobic gly- 
colysis in vitro cannot be excluded. 

The findings of Hestrin-Lerner and Shapiro (7-9) that radioactive glu- 
cose is converted by rat intestine to a radioactive substance which is not 
glucose or lactate have not been confirmed in the present experiments. 
Glucose and lactate were the only major products which could be found 
by the chromatographic methods used. About 85 to 90 per cent of the 
initial radioactivity could be accounted for at the end of the experiment 
as glucose and lactate. Calculations from the known respiration of rat 
intestine (5) and the proportion of respiratory CO, derived from added 
glucose (10) indicate that only about 2 to 5 per cent of the added glucose 
in the present experiments may be accounted for as CO». There remains 
about 10 per cent or less of the added radioactivity which cannot be ac- 
counted for. 
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A large fraction of the glucose disappearing from the mucosal side of 
the rat intestine in vitro is converted by the epithelial cells into lactic acid 


The 2 ions, thus formed, move in opposite directions, the hydrogen jon } 
being transported exclusively to the mucosal side and the lactate ion being } 
extruded mainly on the serosal side (3-6). These experiments in vitro § 
suggest that one of the mechanisms for the absorption of glucose from the 
lumen of the intestine 7n vivo is the conversion in the epithelial cells of glu. F 
cose to lactate which is preferentially discharged into the blood. Pre. 


sumably, the liver then converts the lactate in the portal blood into glyeo- 


gen. In the experiments in vitro reported here for the rat and mouse, the : 


total amount of glucose converted to lactic acid exceeds that transported 
across the wall as glucose (see ‘Table X), Since galactose and 3-methyl. 


glucose do not yield any significant quantities of lactate, the suggested | 


mechanism cannot play any important réle in their absorption, 


There in an interesting species difference in the degree of aerobic gly | 
colyaia by the intestinal from various animals (nee ‘Table 
The intestines of the rt (1, 2), moune (2), and ent (28) produce large | 
amounts of Inetie acid, while those of the hamater (5), guinea pig, and | 


rabbit (20) produce very little, While the lactate gradients observed with 


the rat and mouse intestine in vitro are also found with the guinea pig and | 
rabbit, the quantitative réle of lactate production in glucose absorption | 


in the latter species is probably small. 


It must be emphasized that there are a number of mechanisms known ~ 


for the absorption of glucose from the lumen of the gastrointestinal tract. 
The following are a few of the general methods of glucose absorption recog- 
nized at present: (1) diffusion of glucose from the lumen into the blood, 
(2) active transport of glucose across the mucosa, and (3) fermentation 
of glucose by bacteria in the rumen or caecum to fatty acids or lactic acid, 
followed by absorption of these products into the blood. <A fourth pos- 
sibility has been discussed in this paper, namely, uptake of glucose into 
the epithelial cells followed by conversion to lactate and its discharge into 
the blood. The relative importance of these mechanisms probably varies 
with conditions in vitro and in vivo as well as with different species of ani- 
mals. 


SUMMARY 
1. When radioactive glucose was added to the mucosal side of sacs of 


rat and hamster intestine in vitro, 85 to 90 per cent of the radioactivity ~ 


could be accounted for as glucose or lactate at the end of 1 hour’s incuba- 
tion. | 

2. The presence of glucose in the lumen of the intestine zn vitro stimv- 
lated lactic acid production. 
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3. The lactic acid produced by the rat and hamster intestine in the pres- 
ence of a variety of sugars was studied. 

4. The réle of lactic acid production in glucose absorption from the in- 
testine by a variety of animals is discussed. 


The author wishes to thank Dr. Irving Gray for helpful discussion. 
Thanks are also due Mr. T. N. Vincent and Mr. L. Kazyak for expert 
technical assistance. 
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ENZYMATIC AMINATION OF URIDINE TRIPHOSPHATE TO 
CYTIDINE TRIPHOSPHATE* 


By IRVING LIEBERMANT 


(From the Department of Microbiology, Washington University School of Medicine, 
St. Louis, Missourt) 


(Received for publication, March 5, 1956) 


A pathway for the enzymatic synthesis of U5P' from orotic acid (1) and 
one for the phosphorylation of U5P to the uridine polyphosphates (2, 3) 
have been described. ‘The existence of the corresponding cytidine deriva- 
tives in mammalian tissues (4) and bacteria (5) was recently established, 
and a mechanism for their interconversion has been recorded (3), but no 
pathway of synthesis was elucidated. 

In a preliminary report (6), evidence was presented for the amination 
of UTP to yield CPP with an enzyme partially purified from Mscherichia 
poli B, as illustrated in Mquation 1, 


‘The purpose of this report is lo present tiore detail the evidence for 
ol and to deserthe of the propertiog of the 


Materiala and Methode 


Preparation of Cell ree Katract- coli owas grown on a glucose and 
inorganic salts medium? at 387° with vigorous shaking. Before growth 
ceased, when the optical density measured with a Coleman junior speetro- 
photometer at 540 my was approximately 0.8, the culture was cooled and 
the cells were harvested by centrifugation at 3°. extracts were prepared 
by grinding with alumina (Alcoa 301, 2.5 gm. per gm. of packed, wet. cells) 
(7) and extracting with potassium phosphate buffer, 0.005 mM, pH 7.2, 5.5 
ml. per gm. of wet cells. Insoluble material was removed by centrifugation 
(~10,000 X 4). 


* This investigation was supported by a grant from the National Institutes of 
Health, Public Health Service. 

t Present address, Department of Microbiology, University of Pittsburgh, The 
School of Medicine, Pittsburgh 13, Pennsylvania. 

‘The abbreviations used are uridine-5’-phosphate, U5P; uridine diphosphate, 
UDP; uridine triphosphate, UTP; cytidine-5’-phosphate, C5P; cytidine diphosphate, 
CDP; cytidine triphosphate, CTP; adenosine-5’-phosphate, A5P; adenosine diphos- 
phate, ADP; adenosine triphosphate, ATP; inorganic orthophosphate, Pj. 

71.5 gm. of KH2PO,, 13.5 gm. of NazHPQO,, 0.2 gm. of MgSO,-7H:0, 2.0 gm. of 
NH,Cl, 10 mg. of CaCl2, and 0.5 mg. of FeSO,:7H:0 were dissolved in distilled wa- 
ter to 900 ml. After sterilization by autoclaving, 100 ml. of a sterile 4 per cent solu- 
tion of glucose were added. 
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766 AMINATION OF URIDINE TRIPHOSPHATE 


Materials—USP, CDP, and crystalline ATP were products of the Pabg 
Brewing Company, as was also UTP, which was further purified by anion 
exchange chromatography. C5P was synthesized by a phosphate transfer 
from phenyl phosphate to cytidine with a phosphatase, from commercia] 
malt diastase (8), which was partially purified and used as described pre. 
viously (1). The resulting C5P was purified by anion exchange chromatog. 
raphy. UDP was obtained through the kindness of Dr. L. Leloir, inosine 
triphosphate was a product of the Sigma Chemical Company, and ATP® 
labeled in the two terminal phosphate groups, was prepared from <A5P 
with rat liver mitochondria’ and purified by anion exchange chromatog. — 
raphy. | 

N'H,NO; was obtained from the Eastman Kodak Company and 1-C". Ff 
DL-glutamate from the Nuclear Instrument and Chemical Corporation. 

Crystalline deoxyribonuclease was a product of the Worthington Bio. 
chemical Corporation, while 5’-nucleotidase, purified from bull semen by 
the procedure of Heppel and Hilmoe (9), was a gift from Dr. L. A. Heppel, 

Determinations—Orthophosphate was determined by the method of Fiske 
and Subbarow (10), acid-labile phosphate was the orthophosphate ib. 
erated after hydrolysis for 15 minutes in 1 N H.SO, at 100°, and total 
phosphate was determined as orthophosphate after ashing in an H,S0, 
HNO, mixture, Pyrimidine pentose was estimated by the method of 
Carter,’ and protein by the phenol method of Lowry ef al, (11), P™ was 
measured with a Geiger Miller tube atter the samples were dried in dishes 

Kneyme Assay ‘Vhe of was estimated by the iierense 
Optical denmty at 200 tye at aed pill, ‘Phe reaction mixtures (1.0 ml) 
contamed of potassium glycine buffer, pli 8.5, 0.05 of 
chlonde, O01 0.06 tl, of ammonium sulfate, OF 0.02 ml, of 
0.05 m, 0.05 ml of UTP, mM, and the enzyme preparation, In 
general, control mixtures without UTP were also prepared. After 30 min- 
utes at 36°, 0.5 ml. of perchloric acid (7 per cent) was added, and UTP 
was added to the controls. After insoluble material was removed by cen- 
trifugation, the optical densities (290 my) of the supernatant solutions were 
measured in a Beckman DU spectrophotometer, the increase being deter- 
mined by comparison with the control mixture. A unit of enzyme was 
defined as the amount yielding an optical density increase of 0.100. Spe- 
cific activity was defined as units of activity per mg. of protein. 

Under the conditions of the assay, the rate of cytidine nucleotide forma- 
tion was proportional to the amount of enzyme. Thus, the enzyme activ- 
ities, in units per ml., with 0.03, 0.05, 0.08, and 0.11 ml. of enzyme solution 
were 59.6, 59.0, 59.0, and 56.1, respectively. 

The rate of reaction was essentially linear with time for 30 minutes and 


3 Kindly furnished by Dr. F. E. Hunter. 
* Personal communication from Dr. C. E. Carter. 
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‘abst then gradually decreased. ‘Thus, with a constant amount of enzyme, 55.5, 
Nin F 53.8, 52.1, 45.5, and 41.3 units of enzyme per ml. were calculated to be 
asfer F present after incubation for 10, 20, 30, 45, and 60 minutes, respectively. 


pre. Results 

og. Purification of Enzyme—Purification of the enzyme was carried out at 
we 0-3° unless otherwise indicated. 

m Treatment with Deoxyribonuclease—To 72 ml. of cell-free extract was 


ASP | added 0.2 mg. of deoxyribonuclease dissolved in 0.02 mM potassium phos- 
tog: | phate buffer, pH 7.2, and the mixture was incubated for 1.5 minutes at 
36° with constant stirring (the temperature rose to approximately 20°). 


CH, 
Bio- LE 
te Purification of Enzyme 
pel, | Specific activity, units per mg. 
protein 
iske Enzyme fraction | Total units* 
lib. | uTP UDP USP 
0), | per cen 
| Cell free extract? 2362 100 3.5 1.5 
ethanol | 187] 02 6.6 
With liydroxide gel 1707 | 72.3 
sulfate | | 400 47.0 
nl, * Determined with UEP 
of ite high abaorplion at 200 tie, the amingee activity of the deaxyrihe 
treated extract (see the text) could not be accurately estimated and the 
In valiios have been omitted, 
TP Precipitation with Ethanol-—The deoxyribonuclease-treated extract was 
en immediately cooled to —1° in an alcohol-ice mixture and 72 ml. of sodium 
ere acetate buffer, 0.2 mM, pH 5.9, were added. During an interval of about 
er 25 minutes, 104 ml. of absolute ethanol were added, while the temperature 
vas was allowed to fall to —10°. The precipitate, obtained by centrifugation 


pe- for 15 minutes in a Servall type SS-1 centrifuge (~10,000i\ X g) kept in a 
room at —14°, was dissolved in glycine buffer, 0.05 m, pH 8.5, to give a 
na- solution containing 4 mg. of protein per ml. (Ethanol fraction, Table I). 
V- Aluminum Hydroxide Gel Adsorption—Sufficient aluminum hydroxide 
ion gel Cy (12) (504 mg. of solids) was added to the ethanol fraction (84 ml.) 
to adsorb 80 to 90 per cent of the activity. The gel was collected after 5 
ind minutes and the enzyme was eluted with 45 ml. of potassium phosphate 
buffer, 0.03 mM, pH 8.0 (Aluminum hydroxide gel fraction, Table I). 
Precipitation with Ammonium Sulfate—To the eluate from aluminum 
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hydroxide (44 ml.) 11.6 gm. of ammonium sulfate were added with stir. 
ring. After 5 minutes, the precipitate was discarded by centrifugation 
and an additional 18.3 gm. of ammonium sulfate were added to the super. 
natant fluid. The precipitate, collected after 5 minutes, was dissolved jn 
glycine buffer, 0.05 m, pH 8.5, to a final volume of 22 ml. (Ammonium gil. 
fate fraction, Table I). 

Treatment with Calcium Phosphate Gel—The ammonium sulfate fraction 


NH3 Added, 103M 


0 4 8 16 20 
0.05- 
UTP 
@ 004- 
uJ 
2 003- 
° 
uJ 
S 
2 002- ATP 
uJ 
/, 
© 
oO 
04 O86 12 16 20 


NUCLEOTIDE, 10° °M 


hia, 1, The rate of the uridine polyphosphate aminase reaction as a function of 
substrate concentration, The reaction mixtures contained 3.1 unita of enayme 
(apecific netivity 148; varying nucleotide levels) or 2.0 unite (apecifie activity 104, 
varying NH, levela) and were prepared aa for the atandard asaay (nee the text), 
except that varying amounts of the subatrates were used. Incubation and eatima 
tion of cytidine nucleotide aynthesia were the aame aa for the standard asany. 


(22 ml.) was added to the largest amount of calcium phosphate gel (13) 
(165 mg. of solids, water removed by centrifugation) which adsorbed little 
or none of the activity. After 5 minutes, the supernatant fluid was col- 
lected by centrifugation (Calcium phosphate gel fraction, Table I). 


Substrates of Reaction 


Uridine Nucleotide—With the most purified enzyme fraction, uracil, 
uridine, and U5P (Table I) were totally inactive. With UDP, the rate of 
amination was approximately half of that with UTP (Table I). 

ATP—No amination of UTP occurred in the absence of ATP except 
when ADP replaced it, in which case the reaction rate with the partially 
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purified enzyme (Calcium phosphate gel fraction, Table I) was 12 per cent 


of that with ATP. With the following nucleotide pairs no detectable cyti- 


dine nucleotide synthesis occurred: A5P + UTP; ADP + UDP; and in- 
osine triphosphate + UTP. 

Source of Amino Group—Evidence that the amination of UTP involves 
NH; was obtained with a dialyzed enzyme preparation (Ammonium sulfate 
fraction, Table 1) which formed only 0.003 umole of cytidine nucleotide 
with no added NH3, and 0.043 umole with 0.016 m NH; (Fig. 1). b1- 
Aspartate, pL-glutamate, each 0.02 M, L-asparagine, L-glutamine, each 0.01 
m, and glycine, 0.1 M, were incapable of replacing N Hs. 

Further evidence for the source of the amino group was obtained by 
carrying out the reaction with N'*H;. The reaction mixture (30 ml.) was 
essentially the same as that described in Table II, except that N’®H,NO3; 
(0.2 M, 32.0 atom per cent excess N!*) was used. After removal of an ali- 
quot to H2SO,, 0.05 N, for the determination of N!* at zero time, the re- 
action mixture was incubated at 36° for 90 minutes. The enzyme was 
destroyed by heating in a boiling water bath for 3 minutes and the precip- 
itated protein was discarded. 

CTP, ATP, and UTP were separated by anion exchange chromatography 
(Table II). To purify the cytidine nucleotide fractions which contained 
UDP, the combined peak fractions, containing 3.98 uwmoles of CTP, were 
first concentrated by adsorption on and elution from Norit A. CTP was 
converted to C5P by heating in a boiling water bath for 60 minutes in 0.2 
N HCI, and HCl was removed by evaporating the solution to dryness with 
an air stream, CSP was obtained free from uridine nucleotides by cation 
exchange chromatography (Dowex 50, hydrogen ion form, height 2 em.,, 
diameter Lem,, eluent acetic acid), as described by Cohn (15), ‘The 
unidine nucleotides and unhydrolyzed eytidine polyphosphate nucleotiden 
appeared in the water wash and the Lat resin bed volume of eluent; CSP 
(2.46 poles, A2Z80/AZ60 2.04) appeared between 5 and IL resin bed 
volumes of eluent, 

Analysis’ of the nitrogen derived from the isolated nucleotides after 
Kjeldahl digestion yielded the following results, 


Total N, atom per cent Calculated for amino N, 
excess atom per cent excess 


* N'5 determinations were kindly carried out by Mrs. G. Shearer, Department of 
Botany, Washington University, under the supervision of Dr. B. Commoner. 
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Concentration of Substrates—The rate of UTP amination was studied as 


a function of the concentration of UTP, ATP, and NH; (Fig. 1). As 


TABLE II 
Stoichiometry of Uridine and Cytidine Nucleotides 
The reaction mixture (64 ml.) contained 6.5 ml. of glycine buffer, 1 M, pH 85 


3.2 ml. of MgCle, 0.1 M, 3.8 ml. of NH,NOs, 0.2 m, 0.50 ml. of ATP, 0.075 M, 3.2 ml. of F 
UTP, 0.012 m, and 514 units of the aminase (specific activity 143). An aliquot of § 
the reaction mixture (29 ml.) was heated in a boiling water bath for 3 minutes at § 
zero time; the remainder was incubated at 36° for 90 minutes and then heated for3 § 
minutes in a boiling water bath. The sample removed at zero time and an aliquot 


_ of the incubated mixture (29 ml.) were chromatographed on columns of Dowex], 


chloride form (2 per cent cross-linked, height 5 cm., diameter 1 cm.), at 3°. Elution F 
of the nucleotides in the order of their appearance was as follows: C5P and AjP | 
were eluted together; in half of the CDP and U5P fractions the nucleotides wer § 
free from each other and the other nucleotides, and half were mixtures of the two, } 
ADP was eluted free from the other nucleotides (eluent = 0.01 n HCl); CTP and | 
UDP were eluted together, except in the early fractions of CTP (eluent = 0.01x | 


HCI1-0.05 m KCl); ATP (eluent = 0.01 n HCI]-0.1 m KCl) and UTP (eluent = 0] 


Nn HCl1-0.2 m KCl) were obtained free from each other and the other nucleotides. 
ADP, ATP, and UTP were estimated spectrophotometrically at 260 muy, and AdP, ff 
U5P, and UDP at 260 my, correcting for the cytidine nucleotide present; the cytidine | 
nucleotides were estimated spectrophotometrically at 295 mz. Valuesin parentheses | 


were determined by optical density measurements at 250 my (uridine nucleotides) 
and 295 my (cytidine nucleotides) before chromatography. All the values are ex- 
pressed in micromoles. 


0 min. 90 min. A 
16.8 5.54 
0.00 2.53 8.95 —7.85 (—7.46) 
0.00 2.30 7.68 (7.74) 47.68 (47.74) 
0.00 0,607 


* Values of 1.63 and 1.31 were obtained when ASP wan catimated with Schmidt's 
deaminase (14) and apectrophotometrically after purification by cation exchange 
chromatography (15), respectively, 

t A value of 0.68 waa obtained after purification by cation exchange chromatog: 
raphy (15). 


shown in Fig. 1, the levels at which the rates were half maximal were ap- 
proximately 1 10-4m, 5 10-4, and 2 10-* m for UTP, ATP, and 
NHsg, respectively. 


9 
{ 
T 
| 
( 
a 
( 
| 
3 


Ap- 
nd 


I. LIEBERMAN 771 


Products of Reaction 


Stoichiometric Relationship of Uridine and Cytidine Nucleotides—The 


synthesis of cytidine nucleotide was accompanied by the disappearance of 


an equivalent amount of uridine nucleotide (Table II). The formation of 


cytidine and uridine mono- and diphosphates can be explained by the 
presence in the enzyme preparation of nucleoside diphosphokinase (16) and 
~ nucleoside monophosphate kinase (2, 3) activities. 


CTP and CDP were identified by their absorption spectra (peaks at 280 


~ my, A280/A260 = 1.99 to 2.02; A290/A280 = 0.74 to 0.75, and A295/A260 = 
1.01, at pH 2.0); by the molar ratios of cytosine, pentose, acid-labile phos- 
phorus, and total phosphorus of 1.00: 1.01:1.96:3.06 and 1.00: 1.00:0.98:- 
2.10, respectively; and by acid hydrolysis to C5P. The C5P obtained 
' from the CTP was isolated by cation exchange chromatography (15) and 


identified by its absorption spectrum and by the release of 0.57 umole of 
phosphate from 0.55 umole by 5’-nucleotidase (9). 
Inorganic Phosphate Release Accompanying Cytidine Nucleotide Synthesis 


- —Jnorganic phosphate liberation accompanying the amination of UTP 
» was studied with ATP labeled with P® in the two terminal phosphate 
» groups. Blank values were obtained with reaction mixtures containing 
- UTP but no added NH; (Table III). As shown in Table III, the amina- 
- tion of a mole of UTP was accompanied by the release of 1 mole of inor- 


ganic phosphate. 


Effect of pH and Other Factors 


pH—The optimal pH range was found to be 8.1 to 8.4. At pH 5.9, 7.4, 
8.8, and 9.3, the reaction rates were 3, 36, 64, and 6 per cent, respectively, 
of that obtained under the conditions of the standard assay (pH 8.2). 

Mg*+—-The partially purified enzyme displayed an absolute require- 
ment for Mgtt. Under the conditions of the standard assay, no detect- 
able amination of UTP occurred unless the level of Mgt? was at least 
0.003 mM. ‘Thus, with 6 units of enzyme, the optical density increase at 
200 my was 0.000, 0.248, 0.453, 0.578, and 0.608 with 2, 3, 4, 5, and & « 
lO? mM Mg!!, respectively. ‘The order of addition of the Mgt? and nu- 
cleotides to the reaction mixture had no influence on the inactivity of the 
enzyme with amounts of Mgt? less than 0.005 m. 

The metal requirement could not be satisfied by Mntt, Catt, Zn, 
Cott, or Fett (0.005 to 0.01 

Inhibitors Approximately 50 per cent inhibition of the aminase activity 
was observed with 0.075 m tris(hydroxymethyl)aminomethane, pH 8.0, 
0.06 mM KCI, 0.008 m potassium phosphate, pH 8.0, and 0.015 m NaF. 
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Specificity of Reaction 


When 1-C"*-pL-glutamate (0.001 m, 4.4 X 10° c.p.m. per umole) was 
substituted for UTP, anion exchange chromatography (17) of the reaction 
mixture revealed no detectable amount of glutamine. To determine 
whether amination of inosine triphosphate occurred, the purine nucleotide 
was used in place of UTP in a test mixture containing N!°H3 (17.5 atom 


TaBLeE III 
Inorganic Phosphate Liberation and Cytidine Nucleotide Synthesis 


The reaction mixtures (1.0 ml.) contained 0.1 ml. of glycine buffer, 1 M, pH 85; 
0.05 ml. of MgCl. 0.1 m; 0.04 ml. (Experiment 2) or 0.09 ml. (Experiments 1 and 3) 
of UTP 0.01 m; 0.1 ml. of (NH,)2SO, 0.1 M; as indicated; 0.04 ml. of ATP*? (0.025 
M, specific activity 20,400 c.p.m. per umole); and the enzyme preparation (Experi- 
ment 1, 3.2 units, specific activity 63, dialyzed 2.5 hours against potassium phos- 
phate buffer, 0.02 m, pH 8.0; Experiment 2, 5.4 units, specific activity 100, dialyzed 
2.5 hours against glycylglycine buffer, 0.025 m, pH 7.5; Experiment 3, 4.1 units, speci- 
fic activity 51, dialyzed 2 hours against potassium phosphate buffer, 0.03 m, pH 8.0). 
After incubation at 36° for 30 minutes, the reaction mixtures were acidified by the 
addition of 0.5 ml. of 7 per cent perchloric acid and the precipitated protein was 
discarded by centrifugation. Cytidine nucleotide formation was estimated spec- 
trophotometrically by the increase in optical density at 290 mu. Inorganic phos- 
phate release was estimated by radioactivity measurements after removal of the 
nucleotides by adsorption on Norit A (0.2 ml. of a 30 per cent suspension was added 
to 1.0 ml. aliquots of the deproteinized reaction mixtures). 


Cytidine nucleotide Pi 
Experiment No. NHs added 
umole A umole A 

1 _ 0.005 0.057 

+ 0.049 0.044 0.102 0.045 
2 0.008 0.087 

+ 0.077 0.153 
3 _ 0.029* 0.125 


* The enzyme preparation was 0.028 M with regard to NH. 


per cent excess N!*), Analysis of the nitrogen derived from the chromato- 
graphically isolated ATP (18) showed no incorporation of N!*,  Amido- 
phosphate,* 0.001 m, did not inhibit the synthesis of cytidine nucleotides, 
nor did it substitute for A'TP and NHI, 


Reaction with NH,OHW 


NH,OFL could replace NU in the reaction with UTP; the reaction rate 
with NH,OL was essentially the same as with NH. Thus, with 5 units 


* Kindly supplied by Dr. Leon Levintow. 
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of a dialyzed enzyme preparation (specific activity 44), the increase in 
optical density at 290 my was 0.597, and 0.486 with 0.02 m NH.OH and 
0.016 m NHs, respectively. The amount of NH2OH which yielded a maxi- 
mal reaction rate was also similar to that for N H3, 0.02 m. 

To obtain a sufficient amount of the product for identification, a test 
mixture (10 ml.) was prepared essentially as described in Table II, except 
that NH2OH, 0.05 m, was substituted for the ammonium salt and the en- 
zyme preparation (specific activity 44) was dialyzed to free it of NHs. 

Anion exchange chromatographic analysis of the reaction mixture showed 
that essentially no cytidine nucleotides were formed. Instead, two new 
compounds were present which could be readily distinguished from the 


1800- pH2 
1.600! 
1.400- 
1.200- 
1000¢ 
0800- 
a 0600- 

0.400- 

0200- 


pH7 


OPTICAL DENSITY 


230 240 250 260 270 280 290 300 
WAVE LENGTH (my) 
Fic. 2. Absorption spectra of 6-N-hydroxy-CTP 


cytidine nucleotides by their chromatographic behavior on anion exchange 
resin,’ their spectra (Fig. 2), and their ability to form a chromogen with 
acid-FeCl; (19). Assuming a millimolar extinction coefficient of 13.0 at 
280 mu and pH 2, the color produced with FeCl; was 11.5 per cent of that 
obtained with succinohydroxamic acid. 

The compounds have been tentatively identified as the 6-N-hydroxy 
analogues of CTP and CDP on the basis of their molar ratios of pyrimidine 
hase, pentose, acid-labile P, and total P of 1.00: 1,08:2.06:3.24, and 1.00:- 
1.03:0.08:2.05, respectively, and their ability to yield color with acid- FeCl, 
solution, 


'The N-hydroxy analogues behaved like atronger acida on Dowex 1, chloride form 
(2 per cent crosa-linked), than the corresponding cytidine derivatives, Thua, N-hy- 
droxy-CDP was eluted immediately in front of UDP; N-hydroxy- CTP appeared after 
ATP (see Table IT). 
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DISCUSSION 


The results of this study indicate that the amination of uridine nucleo. 
tides in E. coli occurs at the polyphosphate level. The problem whether 
UDP as well as UTP serves as a substrate was not solved. The solution 
must await the availability of an aminase preparation free of activities 
which convert the di- to the triphosphate. 

It is of interest to note that in E. coli the formation of adenine involves 
the amination of inosine-5’-phosphate (20), not a polyphosphate, and to 


speculate whether the formylation of pyrimidines occurs with mono- or 


polyphosphate substrates. 
Uridine di- and triphosphate — cytidine triphosphate 


Uridine-5’-phosphate + CO. 
Orotidine-5’-phosphate 

Orotate 
L-Dihydroorotate 
L-Ureidosuccinate + P; 


L-Aspartate + carbamyl phosphate 
ScHEME 1. Proposed pathway of cytidine nucleotide synthesis 

The aminase reaction is incorporated into a proposed pathway of pyrini- 
dine nucleotide formation based on information derived from several source 
materials (Scheme 1) (21-23, 1, 2). 

SUMMARY 

1. An enzyme has been partially purified from Escherichia coli B which 
catalyzes the reaction 
Uridine triphosphate (UTP) + NH; + adenosine triphosphate — 

cytidine triphosphate + adenosine diphosphate + orthophosphate 

2. Uracil, uridine, and uridine-5’-phosphate are inactive as amino ac- 
ceptors, and with uridine diphosphate the rate of cytidine nucleotide syn- 
thesis was approximately half of that with UTP. 

3. In the presence of NH.OH, compounds tentatively identified as 6-N- 
hydroxycytidine triphosphate and 6-N-hydroxycytidine diphosphate were 
formed. 
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A METHOD FOR THE PREPARATION OF HIGH POTENCY 
CONCENTRATES OF THYROTROPIC HORMONE* 


By JOHN G. PIERCE anv JOSEPH F. NYC 


(From the Department of Physiological Chemistry, University 
of California Medical Center, Los Angeles, California) 


(Received for publication, March 7, 1956) 


Recently it has been shown by Heideman (1) and by Crigler and Waugh 
_ (2) that the thyrotropic activity of bovine anterior pituitaries can be ad- 
- sorbed on the carboxylic cation exchange resin Amberlite IRC-50. This 
- resin has been used previously with considerable success in the chromatog- 
raphy of several proteins and peptides (3-7). The adsorptions of thyro- 
tropin were carried out either in the absence of cations with resin equi- 
librated at pH 8.0 (1) or in the presence of 0.01 m sodium phosphate buffer 
' with resin equilibrated at pH 7.6 (2), and considerable purification of an- 
terior pituitary extracts was accomplished. In one case (2) the preparation 
' was compared with the U.S. P. reference standard (8) and a value of 1 to 
_2U.S. P. units per mg. of material was obtained. 

The present communication reports the results of an investigation on the 
* adsorption and chromatographic behavior of thyrotropic activity in the 
- more effective pH range for the resin (pH 5.9 to 6.5) (5), and with an Nat 
concentration of 0.23 to 0.28 m. Details are presented of a chromato- 
_ graphic method for preparation of concentrates with a potency of approxi- 
mately 5 U.S. P. units per mg. 


EXPERIMENTAL 


Bioassay Methods—Day-old white Leghorn male chicks have been used 
for assay. In early chromatographic experiments, the increase in the 
weight of the thyroid of the chick was measured as described by Smelser 
(9), five daily injections of test solutions being given. In later experi- 
ments a more accurate and faster method, the measurement of the uptake 
of P® as outlined by Kriss and Greenspan (10), was employed.! Intra- 


* Aided by a grant (No. C-2290) from the United States Public Health Service and 
by a grant from the Committee on Research, Council on Pharmacy and Chemistry, 
American Medical Association. 

Presented in part before the Forty-seventh annual meeting of the American So- 
ciety of Biological Chemists at Atlantic City, April 16-20, 1956. 

' Certain modifications in this procedure, which has not yet been published in de- 
tail, are given. The modifications have been made by Dr. David Solomon, Depart- 
ment of Medicine of this institution. The authors are greatly indebted to Dr. Solo- 
mon and Dr. Harold A. Levey for help with assay methods. 
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cardial injections of thyrotropin preparations in 0.1 ml. of isotonic saline 
were given, followed 3 hours later by a subcutaneous injection of approx. 
mately 10 ue. of P® in 0.1 ml. of saline.2 3 hours after the administp. 
tion of P® the chicks were sacrificed, and the thyroids were removed and 


trimmed free of extraneous tissue. Radioactivity was measured by count. F 


ing the thyroids directly under a thin window Geiger counter, the usual 
corrections for decay and background were made, and responses were cal- 


culated in terms of P® taken up by the thyroid relative to the administered F 
dose. In each assay two or three dose levels of U.S. P. Thyrotropin Refer. ¥ 
ence Substance (8)? were given and at least three dose levels of the uw. 
known, seven to ten chicks being used at each dose level. The potency of } 
the unknown was estimated in U. 8. P. units per mg. While considerable 
variation among individual values in each group was often obtained, the } 
relatively steep slope of the sensitive part of the dose-response curve (the } 
sensitive range was usually between 0.0003 and 0.0012 U. S. P. unit) al. f 


lowed ready estimation of potency. 


In the chromatographic experiments to be described, a correlation be. . 


tween the two assay methods was always observed. 


Chromatographic and Analytical Methods—The resin was finely ground | 


Amberlite IRC-50 (XE 97),4 and chromatographic procedures, as described 


by Hirs, Moore, and Stein (3), were carried out in the cold room at ap | 
proximately 2°. Buffers were made of mixtures of NaH»PO,-H,0 and 


NazHPO,: 12H:20 dissolved in glass-distilled water. Unless otherwise in- 


dicated, the buffers of pH 5.95 were 0.2 m in phosphate and 0.23 in Nat, 7 
while the buffers of pH 6.45 were 0.2 m in phosphate and 0.28 M in Na’. | 


The columns were equilibrated at room temperature until the influent and 
effluent pH values were within 0.03 of a pH unit. After the columns wer 
placed in the cold room, the effluent became approximately 0.1 of a pH 
unit lower than the influent, even after several hold-up volumes of buffer 
were passed through the columns. Al] pH measurements were made at 
room temperature with a Cambridge pH meter. The method of gradient 
elution was similar to that of Alm, Williams, and Tiselius (11). 

The position of emergence of components from the column was deter- 
mined either by the ninhydrin reaction of Moore and Stein (12) or by the 


method of Lowry et al. (13). Tubes in which the copper-containing reagent © 


2 P32 was obtained from the Oak Ridge National Laboratory, Oak Ridge, Ter 
nessee, and was in the form of PO,” in dilute HCl. 

2 Obtained from U. S. P. Reference Standards, 46 Park Avenue, New York lf, 
New York. This material was stated to contain approximately 1.48 U. S. P. units 
per tablet or 0.074 unit per mg. of tablet. 

‘ Obtained from the Rohm and Haas Company, Philadelphia. The resin is state 
to be ground to pass a 325 mesh screen, and was passed in this laboratory through: 
100 mesh screen while wet and in the sodium form. 
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(13) had been used were rinsed with a solution of 0.1 per cent Versene be- 
fore being used again. In one experiment, the fractions were hydrolyzed 
(14) before carrying out the ninhydrin reaction. Similar chromatographic 
patterns were given by the three methods. 

Starting Material for Chromatography—In 1945 Ciereszko published a 
procedure for the preparation of highly purified thyrotropin (15), which 
material was reported to be homogeneous by electrophoretic and ultra- 
centrifugal criteria (16). Attempts to make such a preparation in this 
laboratory led to a low yield which was inhomogeneous when examined by 
zone electrophoresis on paper or by counter-current distribution. The 
first steps of Ciereszko’s method give, however, a good yield of a prepara- 
tion which represents about a 50-fold purification from dried anterior 
pituitary glands. 

Frozen, ground beef anterior lobes® were treated exactly as described 
by Ciereszko (15) for the preparation of his “CA” fraction and its extrac- 
tion with water. The extracted material was then freeze-dried and stored 
in vacuo over P.O; in the cold, as were all the samples subsequently pre- 
pared by chromatography. The activity of this starting material was ap- 
proximately 0.8 U.S. P. unit per mg., and yields varied from 1 to 1.5 gm. 
per 500 gm. of pituitaries. 

Preliminary Chromatographic Experiments—The initial conditions chosen 
for chromatography were those used by Hirs eé al. for the purification of 
ribonuclease (3). Fig. 1 shows a typical chromatogram of the starting 
material under these conditions (column buffered at pH 6.45). Two sharp 
peaks (A and B) first appear; this separation shows that true elution chro- 
matography had occurred. No additional material emerged with the buffer 
of pH 6.45, even when 9 hold-up volumes were passed through the column. 
Two additional peaks of material were found (Peaks C and D, both emerg- 
ing directly after the solvent changes) when a solution of 0.7 m NaCl in 
0.02 m phosphate buffer at pH 6.97 and then a solution of 1.0 m NaCl were 
passed through the column. Biological activity was found in material 
isolated from Peaks A and B, material from Peak B having the greater 
specific activity. 

In an attempt to delay the emergence of the biological activity and to 


| effect a complete separation of fractions A and B, chromatograms were run 


with resin initially buffered at pH 5.95. Chromatographic patterns al- 
most identical with that of Fig. 1 were obtained, except that no material 
appeared at a position corresponding to that of Peak D. The biological 
activity, however, was strongly retained and was now found to emerge at 

‘The authors are indebted to Armour and Company through the courtesy of Dr. 


Sanford Steelman for a gift of some of this material. Other pituitaries were collected 
with the aid of the State Packing Company, Inc., Los Angeles. 
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a position analogous to that occupied by Peak C, Fig. 1, rather than that 
of Peaks A and B (7.e., it did not emerge until 0.7 m NaCl at pH 6.97 had 
been placed on the column). A second chromatography at pH 6,45 
showed the activity again to emerge at the position of Peaks A and B 
When active material which had originally emerged in the position of 
Peaks A and B was chromatographed again at pH 5.95, the activity emerged 
at a position corresponding to that of Peak C.® 

Preparation of Material of 5 U. S. P. Units per Mg.—A method of pur. 
fication based on the above results has led in three preparations (from two 
batches of anterior pituitaries) to material with a potency, by measurement 
of P*? uptake, of approximately 5 U.S. P. units per mg. Chromatography 


ro) 


OPTICAL DENSITY 


EFFLUENT ML. 30 50 70 100 
pH 6.45 697, 0.02M—>|<— 10M NaCl 

0O.2M PHOSPHATE plus O.7M NaCl 


Fic. 1. Chromatography of 20.6 mg. of a thyrotropin preparation concentrated 


by the first steps of Ciereszko’s procedure (15). The column of IRC-50 (XE 97) was . 
initially buffered at pH 6.45, Nat concentration 0.28 m (column 0.9 X 30 cm.). The | 


effluent curve was determined by the ninhydrin reaction (12) and values are plotted 
in arbitrary optical density units. After development of the color, the samples were 
diluted to 10 ml. or more before being read on a spectrophotometer. 


at pH 6.45 was carried out first. 1.8 gm. of the starting material were 


placed on a column 3.3 cm. in diameter and 30 cm. long, and a fast flow rate © 


(40 ml. per hour) was employed in an attempt to minimize any loss of ac- 
tivity during the operation. Fractions of 5.2 ml. were collected, and 02 
ml. aliquots were analyzed by the Lowry method. The effluent, 82 through 


490 ml., corresponding to the area occupied by Peaks A and B, in Fig. 1, © 


and containing the biological activity, was pooled.” After addition of 


6 Chromatographic patterns and emergence of biological activity similar to that 


described above were obtained from Armour’s commercial preparation Thytropar. | 


The samples chromatographed were approximately 0.8 U.S. P. unit per mg. 


7 Following emergence of the biological activity, the eluting solution was changed © 
to 0.2 m phosphate buffer, pH 6.45, plus 0.7 m NaCl. A second peak of material E 
emerged corresponding to Peak C, Fig. 1. This component was inactive at a dose © 
level 10 times that necessary for a minimal response by the P*® assay if the activity © 


had emerged at this position. 
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about 50 ml. of cold ethanol to prevent foaming, the solution was concen- 
trated to about 0.5 volume in a rotary evaporator (17) at approximately 
4°. The concentrated solution was dialyzed at 2° against distilled water 
until salt-free (about 36 hours) and lyophilized. 1 gm. of the recovered 
solid was placed on a column 2 cm. in diameter, 30 cm. long, and buffered 
at pH 5.95 (flow rate, approximately 20 ml. per hour). The chromatogram 
is shown in Fig. 2. Upon emergence of the first peak, a gradient of increas- 
ing NaCl concentration was passed through the column. The gradient 
was achieved by mixing 200 ml. of 0.2 m phosphate buffer, pH 5.95, in 1.11 
u NaCl with 200 ml. of the buffer alone. This gave a final Nat concentra- 


45 
a GRADIENT GRADIENT 
BEGINS ENDS ¥ 
30 
O 
oO 
l | 7 
EFFLUENT ML. 120 200 280 "400 
pH 5,95, GRADIENT TO FINAL 
PHOSPHATE Na* CONC. 0,93 M 


Fig. 2. Final chromatogram in the preparation of material of 5 U.S. P. units per 
mg. 1.0 gm. of material which had previously been passed through a column at pH 
6.45, Na* concentration 0.28 m, was placed on a column with resin initially buffered 
at pH 5.95, Nat 0.23 m (column 2.0 X 30 cm.). The effluent curve was determined by 
the method of Lowry et al. (13) and values are plotted in arbitrary optical density 
units. After development of the color, the samples were suitably diluted before 
being read on a spectrophotometer. 


tion of 0.93 m in the solution. The active material was eluted in a second 
broad peak as the gradient passed through the column. The effluent from 
192 to 304 ml. was pooled, dialyzed free of salt, and lyophilized. The final 
product was an amorphous powder and redissolved readily in distilled water 
or isotonic saline to give a light straw-colored solution. The yields and 
assay data on the final and intermediate products are presented in Table 
I. In two experiments the activity present in the final products repre- 
sented yields of about 38 and 45 per cent of the activity in starting con- 
centrates.? In the latter experiment it could be calculated that a recovery 


*A small amount of precipitate, formed during dialysis and removed by centrif- 
ugation, after one washing with distilled water still contained appreciable activity. 

*It is probable that some inactivation occurred during the chromatography. 
The per cent yield does not include a small amount of activity found tailing off the 
columns following the gradient. 
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of approximately 33 per cent of the activity from frozen anterior lobe 
was obtained, based on a published value of 3 U.S. P. units per gm, fo 
the lobes (8). 

Characterization of Purified Concentrates by Sedimentation and Rechrom. 
tography—The purified concentrates sedimented as a single symmetric] 
boundary in the Spinco ultracentrifuge when centrifuged as a 1 per cent 
solution, either in Veronal buffer, pH 8.42, ionic strength 0.1, or in cacodyl. 


TABLE I 
Specific Activities* and Yields of Intermediate and 
Final Products of Thyrotropin Chromatography 


Starting material for | Material containing activity from| Final product from column at pH 5.95 with 
chromatography column at pH 6.45 NaCl gradient 
1.8 | 0.8, 0.8; | 1.2 (Prepa- | 1.3; 1.0, | 0.110 (from 1 | 8.3, 5+, 5+;6. 
0.8+ ration A) 1.1 gm. Prepara- 4.2, 4.6, 4.8 
tion A) 5.7, 5.7 
2.0 1.3 (Prepa- | 0.8, 0.8, | 0.090 (from 0.8 | 6.7, 4.2, 5+; 4.6 
ration B) 1.2 gm. Prepara- 6.1, 5.7; 83 
tion B) 6.7; 4.4 
0.050 (from 0.45 | 4.7, 5+ 
gm. Prepara- 
tion B) 


* As determined by P*? uptake in the thyroid. 

t Each value represents the potency of the unknown estimated by comparison of 
a given dose level with standards run simultaneously. Semicolons separate the 
results of assays run on different days. 


ate buffer, pH 7.0, ionic strength 0.1. Sedimentation constants (82) o 
2.5 and 2.7 were obtained in the cacodylate buffer and 2.9 in the Veronal. 

Under the conditions employed for the preparation of the purified con- 
centrates, the activity either emerges from the columns with the solvent 
front or is strongly retained and requires a high cation concentration for 
elution. 
on Amberlite IRC-50 (3, 18) have been those in which the desired matenal 
is retained for a few hold-up volumes, then emerges without necessity for 
use of a second solution of higher eluting power. Fig. 3 summarizes 


series of experiments to determine whether such favorable conditions could | 
PH and cation concentration were varied among © 
the conditions in which the activity either emerged at the solvent front ot | 


be found for thyrotropin. 


was strongly held by the resin. When a solution of intermediate eluting 


The most successful conditions for chromatography of proteins | 
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power (Curve d, pI 6.30, 0.27 mM Nat) was employed, the activity emerged 
beginning with the solvent front and extended over a broad area with little 


2 pH 5.95; 0.23M No* INCREASING Na* GRADIENT 
Lok 4 
ACTIVE 
INACTIVE 
b 595; 0.46M No* OM NaCl 
LOK - 
ACTIVE 
INACTIVE 

71 
© pH 6.15; 0.26M Na NoCl 
a 
pH 6.30; 0.27M No* LOM 

LOK = 

ACTIVE 
+ 
ACTIVE 
40 


0 10 20 30 90 60 70 
EFFLUENT ML. 


Fic. 3. Rechromatography of thyrotropin concentrates of 5 U.S. P. units per mg. 
The chromatograms were run with resin buffered at the pH and cation concentrations 
illustrated (columns 0.9 X 30 cm.). The NaCl gradient for Curve a was as described 
in the text for Fig. 2. The samples placed on individual columns varied from 3 to 13 
mg. and the optical density values are corrected to a sample size of 5mg. Effluent 
curves were determined by the method of Lowry e¢ al. (13) and are plotted in arbi- 
trary optical density units. The amount of color developed in the Lowry reaction 
was not strictly comparable between individual chromatograms. Alternate frac- 
tions pooled for bioassay were as follows: Curve a 10 through 30 ml. and 60 through 
72 ml.; 69 through 25 ml. and 64 through 70 ml.; c 10 through 35 ml. and 66 through 
72 ml.; d 8 through 30 ml. and 65 through 70 ml.; e 10 through 35 ml. and 64 through 
68 ml. 


obvious fractionation.!° In two separate experiments at pH 6.30, the ma- 
terial in the effluent from 7 to 33 ml. was combined in five fractions of equal 


' An identical experiment was run at room temperature with the pH of the in- 
fluent and effluent buffers exactly the same (3). No improvement of resolution was 
found. 
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volume, in order of their emergence, and bionssayed, Resulta of bicraaay 
showed that the pattern of activity did not completely coincide with thy 
given by the Lowry reaction, thus indicating that the 5 unit per img, mg 
terial can be further fractionated, 

In Fig. 3 it ia also seen that, when the 5 unit per mg. material ia again 
chromatographed at pH 6.45, a small peak reappears when 1.0 m NaC} is 
placed on the column. This peak probably arises from some decompo. 
tion which occurs on the column. A second experiment at pH 6.45 with, 
faster flow rate did not show a peak in this position. 


DISCUSSION 


One factor which has hampered progress toward the isolation of a homo. 
geneous thyrotropic substance has been the lack, until recently, of a ref. F 
erence standard for bioassays. The availability of the U.S. P. Refereng. 
Substance should now remove this difficulty. Of the few preparations, t) F 
date, whose potency has been expressed in terms of U.S. P. units, that o § 
Steelman et al. (8, 19) is the most active. It has been stated without ful 
experimental details that electrophoretic methods gave small quantities of 
material of approximately 10 U. S. P. units per mg. In addition to th F 
ion exchange experiments (2) referred to previously, purified preparation 
of thyrotropin have been made recently by Fels, Simpson, and Evans (20). 
These authors carried out a series of precipitations followed by treatment 
with trichloroacetic acid (also used by Ciereszko (15) in his final steps), and | 
obtained material with a potency of about 2 to 3 U.S. P. units per mg. 

In the present work the fact that the activity could not be adsorbed, and j 
then eluted as a sharp peak from a column at equilibrium with respect to | 
pH and Nat, can be interpreted in two ways. The activity may be # | 
sociated with several molecular species, either occurring naturally or pro | 
duced during the purification, each of which emerges from the column ins | 
slightly different position. Secondly, thyrotropin may not undergo revers:- | 
ble adsorption on the resin at a rate fast enough to permit completely suc § 
cessful elution (3). In this respect, thyrotropin would more closely r | 
semble thrombin (21) than chymotrypsinogen (18), since the position d | 
emergence of chymotrypsinogen as a sharp peak can be changed by varying © 
the pH of the eluting buffer. Although thyrotropin may not approach / 
ideal behavior, the method presented here achieves considerable purifics- © 
tion. By chromatography of thyrotropic activity first concentrated by F 
Ciereszko’s precipitation methods, it is possible, without need for exces ~ 
sively large columns, to recover sufficient amounts of the 5 unit per mg ~ 
material for further studies. : 

It is of interest to note that, when trichloroacetic acid has been employe( | 
for preparation of material (16, 20), sedimentation constants close to 1/| 
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were reported, whereas in the present work values of approximately 2.5 
were obtained, It in that the use of trichloroacetic acid caunen 
either dissociation of the active material from other protein or an irrevera. 
ble dissociation, or hydrolysia, of a high molecular weight thyrotropin with- 
out significant loss of activity, It will also be of interest to determine 
whether thyrotropic activity resides in a relatively small molecule which 
can be separated from other proteins without rupture of covalent bonds, as 
was found to be true for corticotropin (cf. (6)) and the posterior pituitary 
hormones (cf. (22-24)). However, the results with Amberlite IRC-50, 
thus far, do not indicate the likelihood of the presence of a small peptide 
which possesses thyrotropic activity. 


The authors are greatly indebted to Dr. Robert Brunish of this depart- 
ment for the experiments in ultracentrifugation. The capable assistance 
at various times during the investigation of Mrs. Ruth Nicoloff, Mr. Nor- 
man Mondz, Mrs. Nancy Delava, and particularly of Miss Judith Davis 
and Mrs. Caroline Klund is gratefully acknowledged. 


SUMMARY 


The chromatographic behavior of bovine pituitary thyrotropin on the 
carboxylic cation exchange resin Amberlite IRC-50 has been studied. 
With resin buffered at pH 6.45, Na* 0.28 m, no retention of activity on 
columns of the resin was found. With resin at pH 5.95, Nat 0.23 m, 
thyrotropin was strongly bound and a considerable increase in cation 
concentration was needed for elution of the activity. Based on these ob- 
servations, a method of purification has been devised which gives good 
yields of preparations with an activity of about 5 U.S. P. units per mg. 
Biological activity was measured by the uptake of P® in chicks. 

Although the purified material sedimented with a single symmetrical 
boundary in the ultracentrifuge, additional chromatography on the cation 
exchange resin indicated that further purification is possible. 
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ENZYMATIC SYNTHESIS OF STEROID SULFATES* 


By JOHN J. SCHNEIDER anno MARVIN L. LEWBART 


(From the Department of Medicine, Jefferson Medical 
College, Philadelphia, Pennaylvania) 


(Received for publication, March 15, 1956) 


De Meio and Lewycka (1) have obtained indirect evidence that conjuga- 
tion of dehydroisoandrosterone with sulfuric acid occurs ina system consist- 
ing of microsome-free supernatant fluid of rat liver, adenosine triphosphate 
(ATP), and magnesium and sulfate ions. They showed that, following 
incubation, some of the Zimmermann-positive material remains in the 
aqueous phase after ether extraction at pH 7, but is recovered by subsequent 
extraction with n-butanol. We wish to present more direct evidence that 
a number of steroids are conjugated with sulfuric acid in such a system while 
others are not. 


Methods and Results 


300 to 500 7 amounts of a total of thirty-two steroids in 0.03 to 0.05 ml. 
of ethanol were added to a system composed of 3 ml. of microsome-free 
supernatant fluid of rabbit liver,’ 0.014 m ATP, 0.013 m MgCl.-2H.0, and 
0.008 m K:SO,. Incubation was carried out at 37° in air for periods of from 
3to4 hours. 10 ml. of absolute methanol were then added to each flask 
and, after centrifugation, 5 ml. of the supernatant fluid were pipetted into 
glass-stoppered tubes and taken to dryness over CaCl: in a vacuum desic- 
cator. 0.15 to 0.30 ml. of absolute ethanol? was added to each tube and, 
after 2 hours, 50 ul. volumes were removed and applied to Whatman No. 1 
paper. Chromatography was carried out at room temperature in our sys- 
tem II (2) or in the system of 0.2 per cent aqueous ammonium hydroxide- 
ethyl acetate-n-butanol (200:175:25), hereafter referred to as the alkaline 
system. The equilibration time varied from 5 to 14 hours and the running 
time from 4 to 6 hours. In these systems the steroid sulfates have Rr val- 


* This investigation was supported by research grants No. A-272(C3) and No. 
C-2210(C), of the National Institute of Arthritis and Metabolic Diseases, and the 
National Cancer Institute, National Institutes of Health, Public Health Service. 

' A 20 per cent homogenate of rabbit liver prepared in 0.1 m potassium phosphate 
buffer, pH 6.5, was first centrifuged at approximately 1000 X g for 10 minutes. The 
supernatant fluid was then centrifuged at 110,000 X g for 45 minutes. The clear 
supernatant fluid was used directly. 

* Absolute ethanol is preferred to methanol for this purpose. It gives a cleaner 
ne and minimizes diffusion at the area of application during the equilibration 
period. 
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ues ranging from 0.04 to 0.45 and are separated effectively from the corp. 
sponding free steroids which move virtually with the solvent front. 
Proof that conjugation occurred is based largely on the detection on the 
developed chromatogram of the sulfate ions liberated from the conjugate 
by hydrolysis in situ. ‘The ions are detected by a modification of the rhod.- 
zonic acid test for sulfate ions (3).4 We have found that among steroids 
this test is group-specific for steroid sulfates. Free steroids and steroid 
glucuronosides do not give the test and, since inorganic sulfate remains at 
the starting line, it does not interfere. In addition, we have detected the 


steroid moiety of the conjugate on the developed chromatogram by apply. [ 
ing the relatively non-specific phosphomolybdie acid test (2) and, whew F 


indicated, one or more of a total of six more specific tests. Proof that con. 


jugation failed to occur is based on our inability to detect a discrete spot on | 
the upper two-thirds of the developed chromatogram by a minimum of two 
tests, which include the sulfate test. Hach steroid was incubated four or | 
more times, with one exception, and the crude extracts were chromato | 
graphed in either or both systems. Usually the steroids were incubated ip 
groups of ten, and in each experiment dehydroisoandrosterone and andros. | 


terone were included in order to assess the activity of the enzyme prepara. 
tion and to control the chromatographic and testing procedures. 

Of the thirty-two steroids examined, fourteen definitely and repeatedly 
were conjugated in the system described. These are listed in Table I, 
together with the tests used in each case. The Fy values are averages for 
the several experiments and are included only as a means of indicating ap- 
proximately the position of each conjugate on the chromatogram. They 


probably do not represent the true constants for the conjugates since, in the | 


presence of the relatively large amounts of non-steroid contaminants, some 
retardation or displacement probably occurs. 


3 The test is carried out as follows: In order to effect hydrolysis, the developed 


dried chromatogram is suspended at room temperature for 3 hours in a paper-lined | 


TABLE I 


12 x 24 inch covered cylindrical glass jar containing a mixture of 20 ml. of concen. — 


trated HCl and 180 ml. of dioxane-1,4. It is then removed and'dried in a current of | 


air in the hood for 1 hour or more, depending on the relative humidity. Thereafter, 
it is dipped first in a solution of 20 mg. of BaCl, in 100 ml. of 75 per cent aqueous 
methanol, dried in an air stream for 10 minutes, and dipped in a freshly prepared 
solution of 12 mg. of potassium rhodizonate (Eastman) in 15 ml. of water to which 


are added 10 ml. of concentrated ammonium hydroxide specific gravity 0.90 and ~ 
ml. of absolute ethanol. The area of the chromatogram originally occupied by the © 
steroid sulfate will appear immediately as a light yellow spot against an orange 
pink background. In time the spots tend to become colorless and the background = 
pink in color. We have studied the rates of hydrolysis of dehydroisoandrosterone, © 
androsterone, and pregnenolone sulfates by this method. The first two sulfates | 
were hydrolyzed completely in from 0.5 to 1 hour. Androsterone sulfate appears to ~ 


be hydrolyzed somewhat more slowly, but was hydrolyzed completely in 3 hour. ~ 


The limit of sensitivity of this test is approximately 5 y of steroid sulfate. 
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It was possible to obtain some information relative to the validity of th 
submitted Ry values and the identity of the enzymatically synthesizg 
conjugates in the three cases in which the corresponding synthetic sulfa, 
was available for comparison. In a simple experiment dehydroisoandyg. 
terone, androsterone, and A*-pregnen-36-ol-20-one (pregnenolone) wer 
incubated in the usual system. Three-fourths of each crude extract wa 
chromatographed in system II on methanol-washed paper, and the conju. 
gate was then eluted with methanol and applied to a second sheet on which 
also were applied the remaining crude extract and 25 y of the corresponding 
synthetic sulfate. The 2, values obtained after chromatography in systey 


II were, respectively, for the sulfate in the crude extract, the synthetic sy. f 


fate, and the rechromatographed sulfate, 0.37, 0.36, 0.88 for dehydroiy. 
androsterone, 0.39, 0.43, 0.43 for androsterone, and 0.46, 0.50, 0.48 for preg. 
nenolone. Some retardation of the conjugate in the original crude extrac 
occurred only in the case of androsterone. It is also apparent that the 
Ry values for the chromatographed and synthetic sulfates are, within th 
limits of error for the method, the same in each case, 

A second group consists of eleven steroids esterified to such a slight extent 


that it was not possible regularly to detect the conjugate with the sulfate F 


test. Since this test is our most reliable guide, we believe that the available 
evidence does not constitute proof that conjugation has occurred, The 
first four in this group of steroids are the estrogens estrone, estradiol, estrid 
and equilenin. In the case of these steroids, we were able regularly to de. 
tect. discrete spots on the developed chromatograms by using the ferne 
chloride-potassium ferricyanide test of Axelrod (7). ‘These spots indicated 
the presence of substances having, in order, average /? values of 0.29, 0.29, 
0.12, and 0.20 for the four steroids. On two occasions we obtained positive 
sulfate tests at the same point on the chromatogram for estrone and e& 
tradiol. Etiocholanolone was always incubated and chromatographed 
in parallel with one or more of the other 17-ketosteroids tested. Using 
the sulfate, phosphomolybdic acid solution (PMA), and Zimmerman 
tests to assess the relative amounts of conjugate formed, we noted that 
etiocholanolone regularly either failed to conjugate or did so to a slight 
extent. When detected, the synthesized etiocholanolone sulfate had an 
Ry value of 0.32 in system II. Similar, small degrees of apparent con 


version to the sulfates were noted with the three diols etiocholane-0a, | 
176-diol, pregnane-3a,20a-diol, and allopregnane-3a,20e-diol. The appar 
ent Ry values of their sulfates in system II were, in order, 0.29, 0.37, and | 


0.39. It was observed that the degree of conversion of allopregnanedial to 


its sulfate usually exceeded that of pregnanediol. Pregnane-3a,17a,20e > 


triol was always incubated in parallel with A*-pregnene-3,17a,20-tnd, 


and the results were assessed by using the sulfate test and the trichlore 
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acetic acid test of de Courcy (6). The saturated triol appeared to form 
small amounts of a sulfate on two occasions. The average Ry, value for 
this conjugate was 0.18, the degree of esterification being estimated to be 
no more than one-tenth of that of the unsaturated triol. Corticosterone 
was incubated four times in parallel with other members of the adreno- 
cortical group. Positive sulfate tests, obtained twice, together with the 
PMA and triphenyltetrazolium chloride (T'PTZ) tests, indicated the pres- 
ence of a sulfate with an average Ry value of 0.11. The eleventh steroid in 
this group was pregnane-3a, 17a-diol-20-one. It was incubated five times 
and appeared to be conjugated to a small extent on three occasions, 
as judged by the PMA test. A positive sulfate test was obtained once. 
The R, values for the possible conjugate averaged 0.21. 

Seven of the steroids examined were never conjugated in the system 


> described to a detectable extent. In these cases the sulfate, PMA, TPTZ, 


and soda fluorescence tests were always negative. ‘This list includes choles- 
terol, pregnan-se-ol, pregnan-Sa-ol-20-one, 17-hydroxy- 


corticosterone, and pregnane-sea, 


11 ,20-dione, All of these steroids were incubated four times 
with the exception of the last, which was incubated twice. 


DISCUSSION 


We believe that these experiments supply good evidence for the enzy- 
matic synthesis of the sulfates of those steroids listed in Table I. In the 
cases of dehydroisoandrosterone, androsterone, and pregnenolone, it seems 
reasonably certain that the sulfates formed enzymatically are identical 
with the corresponding synthetic sulfates. These conclusions are sup- 
ported by the following observations: (1) It was possible repeatedly to 
detect at the same point on the developed chromatogram the steroid moiety 
of the conjugate and also, independently and specifically, the sulfate ions 
liberated by hydrolysis; (2), in the three cases noted, it was possible to 
show that the enzymatically synthesized sulfate may be eluted from the 
chromatogram and that, following rechromatography, its Rr value was 
identical with that of the corresponding synthetic sulfate. 

Beyond confirming the essentiality of the several components of the sys- 
tem, we have not studied the influence of pH or the component concentra- 
tion in detail. We have repeatedly obtained yields of dehydroisoandros- 


. = terone sulfate which we have estimated to be in the range of 40 to 60 per 


cent of theory, but we do not claim that the conditions used are optimal 
for the synthesis of all of the sulfates. The data obtained do not permit 
more than a rough estimate of the relative rates of conversion of the steroids 
to their respective sulfates. With the sulfate test as the most reliable 
guide, it was noted that, of the steroids listed in Table I, dehydroisoandros- 
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terone, androsterone, isoandrosterone, 173. 
diol, pregnenolone, A°: '*-pregnadien-38-ol-20-one, and A*-pregnene-38, 9}. 
diol-20-one were the most extensively conjugated. 

We have found it easier to demonstrate the occurrence of conjugation 
than to show convincingly that our inability to detect the conjugate was 
due to failure of the enzymatic synthesis itself. Thus it is necessary t 
consider that the failure of 17-hydroxycorticosterone, for example, to cop. § 
jugate may be due in part to competing alterations of the steroid induced 
by other enzyme systems. This possibility seems unlikely since the system f 
lacks both microsomes and the pyridine nucleotides. In addition, we haye | 
always detected excess free steroid at the solvent front of the chromato | 
grams. The steroids incubated varied widely in their solubility in th } 
medium, but it cannot be concluded that solubility is a limiting factor in } 
those cases in which conjugation failed to take place. Thus many of th | 
steroids conjugated were incompletely soluble in the medium and some d | 
those which were not conjugated were soluble.‘ It does not seem likely 
that some sulfates were synthesized but subsequently rapidly hydrolyzed | 
in the acidic chromatographic system II. We have overcome this objec. | 
tion by employing also the alkaline system which has given results similar | 
to those obtained with the acidic system, Nor is it probable that some o | 
the steroid sulfates are particularly resistant to hydrolysis and thus escape | 
detection with the sulfate teat. As noted in the section detailing the sulfate — 
tent, the available synthetic steroid sulfates are hydrolyzed rapidly, Ih 
addition, we have always noted that, whenever we obtained a ponitive tet 
on the upper two-thirda of the developed chromatogram with the PMA, | 
Zimmermann, soda fluorescence, TPTZ, or TCA test, a positive sulfate | 
teat, when attained, was obtained only at the corresponding point ons 
duplicate chromatogram. We also wish to point out that, since we have 
never detected the presence of more than one sulfate-bearing area ons 
chromatogram, it is unlikely that steroid disulfates also are formed. 

Within the limits imposed by the number of steroids studied and the 
nature of the data obtained, we have noted two apparent relationships 
between the structures of the steroids incubated and their ease of conjugs 
tion. The first is that, among the 21-carbon steroids, those having the 
A®-38-hydroxy system are more extensively conjugated than a number 
related, fully saturated steroids. Thus pregnenolone, A®: '!*-pregnadien-d- | 


‘ Before the relative unimportance of this factor was appreciated, we incubated — 
dehydroisoandrosterone as its sodium hemisuccinate, but noted that its rate of hy- 
drolysis in this system is so slow that it became a limiting factor. The presence d | 
the unhydrolyzed hemisuccinate was readily demonstrated by chromatography in ou — 
system III (2). This ester is hydrolyzed rapidly in systems containing intact liver 
slices (8). = 
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ol-20-one, A®-pregnene-38 ,21-diol-20-one, and A®-pregnene-38 , 17a ,20-triol 
were conjugated to a greater degree than the series pregnan-3a-ol-20- 
one, pregnane-3a,17a,20a-triol, pregnane-3a,17a-diol-20-one, and preg- 
nane-3a, 17a,21-triol-11,20-dione. The second point is that conjugation 
appears to occur more readily when the steroid substrate belongs to the 
allo series (A/B ring fusion trans). The evidence for this is that andros- 
terone, isoandrosterone, dehydroisoandrosterone, and androstanediol are 
readily conjugated whereas etiocholanolone and etiocholanediol are con- 
jugated to only a minor degree, and that allopregnanediol is apparently 
more readily conjugated than pregnanediol. We appreciate that it will be 
necessary to test a larger series of steroids before these points can be estab- 
lished fully. 

The evidence that testosterone and deoxycorticosterone are conjugated 
in the described system is of interest since it indicates that esterification 
with sulfuric acid is not limited to the hydroxy] group at the 3 position. 
To date, all of the steroid sulfates isolated from urine have been conjugated 
at this position. While we lack acceptable proof, we believe that, when 
polyhydroxy steroids are incubated, conjugation is limited to the 3 position. 

The failure of 17-hydroxycorticosterone, 11-dehydro-17-hydrox ycorticos- 
terone, and pregnane-sa, 17a ,21-triol-11,20-dione to esterify with sulfurie 
acid in the system deseribed interests us in that this evidence supports our 
view that the adrenocortical hormones and them 2l-carbon metabolites 
are nol exereted as the sulfates by man, 


MUMMAKY 


1. Thirty-two steroids were incubated in a system consisting of micro- 
some-free supernatant fluid of rabbit liver, ATP, and sulfate and magnesium 
ions, Evidence was obtained that fourteen of these steroids, including 
testosterone and deoxycorticosterone, were conjugated with sulfurie acid 
in this system. 

2, A new test for the detection of sulfates on paper chromatograms is 
described. 


The authors wish to thank Dr. Karl Pfister of Merck and Company for 
the pregnanediolone and pregnanetriol, Dr. Harry Crooks of Parke, Davis 
and Company for the estriol and equilenin, and Dr. Alejandro Zaffaroni of 
Syntex, S. A., for the androsterone used in these experiments. 


* It seems probable that this is true also in the case of conjugation with glucuronic 
acid, for Fishman and Hsien-Gieh (9) have recently published evidence that testos- 
terone glucuronide can be formed in an in vitro system. 
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THE EFFECTS OF CITRATE AND COENZYME A 
ON FATTY ACID METABOLISM 


By ROSCOE O. BRADY, ABDEL-MEGID MAMOON,* 
AND E. R. STADTMAN 


(From the Laboratory of Neurochemistry, National Institute of Neurological Diseases 
and Blindness, and the Section on Cellular Physiology, National Heart Institute, 
National Institutes of Health, United States Public Health Service, Department 
of Health, Education, and Welfare, Bethesda, Maryland) 


(Received for publication, January 23, 1956) 


In studies on the enzymic incorporation of C'*-labeled acetate into long 
chain fatty acids by a water-soluble enzyme system obtained from pigeon 
liver, it was previously recognized that the addition of citrate caused a 
profound increase in the quantity of acetate incorporated (1). Further- 
more, although it could be shown that such a system could incorporate 
C-labeled acetyl] SCoA,! it was invariably observed that C’*-labeled ace- 
tate was better utilized as a substrate for this system, although the de- 
pendence of the series of reactions upon the presence of coenzyme A could 
be demonstrated (2).2- The present experiments were performed in an effort 
to elaborate upon the nature of the stimulating effect of citrate and to ob- 
tain some insight about the relative inefficiency of acetyl SCoA in this 


system, 


EXPERIMENTAL 


The enzyme system was prepared as previously described (1), except 
that Mm phosphate buffer, pH 7.9, was employed for the mitial 
homogenization without added KHCO,, [Tt waa observed in the course of 
these expermments that the supernatant solution after centrifugation at 
100,000 * g for 30 minutes contained all of the enzymes necessary for the 
incorporation of acetate into long chain fatty acids if supplemental citrate 
were added to the incubation mixtures. Porter and Gibson (3) have simul- 
taneously made similar observations. Furthermore, we were able to dem- 
onstrate the incorporation of acetate into long chain fatty acids by using 
extracts of an acetone powder of pigeon liver if citrate, isocitrate, fumarate, 


* Permanent address, National Research Council of Egypt, Cairo, Egypt. 

' The following abbreviations are used: reduced coenzyme A, CoASH; acetyl co- 
enzyme A, acetyl SCoA; adenosine triphosphate, ATP; diphosphopyridine nucleo- 
tide, DPN; reduced diphosphopyridine nucleotide, DPNH; triphosphopyridine nu- 
cleotide, TPN; reduced triphosphopyridine nucleotide, TPNH; glucose-6-phosphate, 
glucose-6-PO,. 

* Brady, R. O., and Stadtman, E. R., unpublished observations. 
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or oxalacetate were added to the incubation mixture. The incubation; 
were performed in test tubes under an atmosphere of nitrogen or helium, 
After incubation, 25 mg. of palmitic acid were added to each vessel, the 
mixtures were saponified, and the fatty acids isolated, purified, and counted 
as previously described (1, 4). 

In the studies on fatty acid oxidation, a microcrystalline suspension of 
carboxyl-C™ potassium palmitate, stabilized by the addition of crystalline 
bovine serum albumin, was incubated with a water-soluble extract of ap 
acetone-dried preparation of pigeon liver mitochondria (5). The gas phay 
was air. After incubation, 100 umoles of sodium acetoacetate were added 
to the incubation mixtures, the protein was precipitated with a copper-lime 
mixture (6), and the acetoacetate decarboxylated with aniline citrate (7), 
The CO2 was trapped as K.CO;, converted to BaCQOs;, and analyzed fo 
radioactivity. In several experiments, the mercury-acetone complex de. 
rived from acetoacetate was oxidized to CO, and counted in the form of 


BaCQs3. 
Results 


The addition of citrate exerts a profound effect upon the incorporation : 
of C'4-acetate into fatty acids (Table I). Indeed, with aging of the en. | 
zyme preparation, the effect of citrate became even more striking. Iso ~ 


citrate was as effective as citrate, and fumarate and oxalacetate both aug- 
mented the incorporation of acetate into long chain fatty acids, but were 


less effective than citrate at low concentrations. However, when the con [ 


centration of fumarate was increased to 0.1 M, the stimulation was as great 
and in several instances greater than that brought about by 0.1 Mm citrate, 
Malate was also effective at high levels, and a-ketoglutarate produced an 
inconsistent stimulation in freshly prepared extracts, Lf the enzyme solu 
tion were frozen and thawed, there was still good activity when citrate was 
added, although a-ketoglitarate was mneflective, However, the presence 
of proper supplements a ketoglutarate caused the moat profound stimula 
tion we have observed in the frozen and thawed preparations, Succinate 
waa relatively ieflectual in thease ayetemea, 

During the search for the mechanism of the stimulating effect of citrate, 
it was observed that the supernatant solution contained an active isocitrie 
dehydrogenase which catalyzed the reduction of TPN at a rapid rate (Fig 
1). Fumarate was also found to be an excellent substrate for the reduction 
of TPN in this system. The solutions also contained enzymes which cata 
lyzed the reduction of DPN, but citrate, as may be expected, was a rather 
poor source of DPNH in this system (Fig. 2). 

In order to determine whether the effect of citrate is due merely to the 


formation of reduced pyridine nucleotides, experiments were performed in | 


bay 


ap 
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which TPNH, DPNH, or various TPNH- and DPNH-generating systems 
were used instead of citrate in the complete systems. The incubations 
were performed anaerobically because of the presence of TPNH oxidase. 
The effect of a constant supply of TPNH upon the incorporation of acetate 
was investigated by adding glucose-6-PO, in the presence of partially puri- 
fied glucose-6-phosphate dehydrogenase. It was essential to maintain the 
glucose in the phosphorylated state with ATP and hexokinase since the 
pigeon liver preparations catalyzed the hydrolysis of glucose-6-PO,. As 
shown in Table II, the crude enzyme system supplemented with glucose- 


TABLE I 


Effect of Citrate and Fumarate upon Incorporation of 
C'4-Labeled Acetate into Long Chain Fatty Acids 


Addition 
C.p.m. per mg 


The reaction mixtures contained 27 pmoles of potassium acetate-1-C' (2.0 ye.), 
200 wmoles of potassium phosphate buffer, pH 7.9, 10 wmoles of ATP, 10 smoles of 
MgCl,, extract of an acetone powder of pigeon liver (100 mg. of protein), and water 
toa total volume of 26ml, Incubation time, $ hours at 40°, ‘The figures in paren- 
(heses indicate the final concentration of added citrate or fumarate, 


ite dehydrogenase, hexolanase, and ATE stinulated the meorpora 
hon of acetate to about 7O per cent of the value obtamed with an amount 
of citrate equivalent to the glucose 6-7O, added. The addition of these 
supplementary materials to a eystem contaiming citrate invariably reduced 
the incorporation of acetate to about 80 per cent of the value with citrate 
alone, A marked stimulation was obtained with 0.01 mM a-ketoglutarate 
when glucose-6-PO, and its dehydrogenase were added; however, a-keto- 
glutarate alone was without effect. The addition of DPNH or DPN, lac- 
tate, and lactic dehydrogenase caused little further incorporation of acetate. 
A significant stimulation was found with the use of supplemental glucose 
and glucose dehydrogenase in the presence of DPN and TPN, although 
this system was not as effective as those containing citrate. 
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Because of the failure of C!4-acetyl SCoA to be incorporated into fatty 
acids as readily as acetate (1), the effect of the addition of non-labeleg 
acetyl SCoA to an enzyme preparation incubated with C'*-acetate was jn. 
vestigated. When 5 umoles of acetyl SCoA were added to a mixture ¢gp. 
taining 50 umoles of acetate-1-C™ (100,000 c.p.m. per micromole), the 
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Fic. 1. Spectrophotometric measurement of the reduction of TPN. The reaction 
mixtures contained 100 wmoles of potassium phosphate buffer, pH 7.8, an aliquot of: 
hard spun supernatant solution of homogenized pigeon liver (6.0 mg. of protein), 
and water in a total volume of 1.0 ml. The reaction was initiated by the addition 
20 pmoles of potassium citrate (@); 1 w~mole of TPN (O); or both (@). The reading 
were corrected for dilution after additions; temperature, 23°. 

hig, 2. Speetrophotometric measurement of the reduction of DPN. The cond 
tions of incubation were the same as those for Pig. 1, The reaction was started by 
the addition of 20 pmoles of potassium citrate (@); | yamole of DPN (Oj); or both @ 


specitic activity of the recovered fatty acids after incubation was reduced 
from pan, of fatty the control with aeetate alone to 
Wepan Phe addition of coenzyme A produced a 
decrease in recovered rachonetivity, Sines these preparations were found 
lo have considerable coenzyme A deacylase activity, an investigation wi 
undertaken with free COoASEL A marked inhibition of the incorporation 
of C'-acetate was observed (Table TDD. These findings were obtained 
consistently in experiments with enzymes obtained from extracts of acetone 
powders or the hard spun supernatant solution of homogenized pigeon live | 
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TaBLeE II 
Effect of Various Supplements upon Incorporation of C'-Labeled Acetate 
into Long Chain Fatty Acids 


Additions 
pmoles 
(0.01 ‘‘) + 10 mg. dehydrogenase. ................. 0.98 
(0.01 + 10 + ATP (0.01 m) 
ae (0.01 ‘‘) + glucose-6-PO, (0.01 M)................ 1.0 
(0.01 ‘*) + (0.01 ‘‘) + 10 mg. de- 


The reaction mixtures contained 27 ymoles of potassium acetate-1-C™ (2.0 ue.), 
300 pmoles of potassium phosphate buffer, pH 7.9, 6 umoles of MgCl., 6 umoles of 
ATP, 1 umole of TPN, and pigeon liver extract (66 mg. of protein) in 3.0 ml. Incu- 
bation time, 75 minutes at 34°. The figures in parentheses indicate the final concen- 
tration of added materials. The glucose-6-phosphate dehydrogenase (2.4 units per 
mg. of protein) was prepared according to Kornberg (8). The hexokinase (600 Cori 
units per mg. of protein) was a gift of Dr. B. W. Agranoff. TPNH (purity 85 per 
cent) was purchased from the Sigma Chemical Company. 


TABLE III 


Effect of Coenzyme A, Acetyl Coenzyme A, and Succinyl Coenzyme A on 
Incorporation of C'4-Labeled Acetate into Long Chain Fatty Acids 


Radioactivity of recovered 


Additions fatty acids 


per me. 


None | 1690 
of CoASTi* 1230 
st 
of weety) A MM 


The conditions of ineahation were the same ae in Pable that 50 
Of aeetate of potassium citrate were preaent 


in 


"Based on the amount of coenzyme A whieh ean be acetylated hy an excess of 
phosphate in the presence of phosphotransacetylase (9). Acetyl SCOA (pur 
iy 7) per cent) and succinyl SCoA (purity 61 per cent) were prepared from the re 
spective acid anhydrides (10). 
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tissue. In addition to CoASH, it was found that both arsenate (10-? m) 
and arsenite (10-4 M) cause almost complete inhibition of the incorporation 
of acetate into fatty acids. 

In view of the marked effects of CoASH and citrate on the synthesis of 
long chain fatty acids, the influence of these compounds on the oxidation 
of fatty acids was also investigated. An amount of citrate which always 
causes a stimulation of the incorporation of acetate into fatty acids in- 
hibited the oxidation of C'*-labeled palmitate to acetoacetate (‘Table IV). 


TaBLE IV 
Effect of Citrate and Coenzyme A on Fatty Acid Oxidation 
Experiment No. Additions 
c.p.m. per 

1 None 105 
5 pmoles of CoASH 339 
2 None 77 
5 umoles of CoASH 206 
60 wmoles of potassium citrate 29 
5 umoles of CoASH + 60 umoles of potassium cit- 91 

rate 
3 None 6] 
2 umoles of CoASH 117 
30 wmoles of potassium citrate 37 
2 umoles of CoASH + 30 umoles of potassium cit- 96 

rate 


The reaction mixtures contained 2 ymoles of potassium palmitate-1-C'™ (2.0 ue.), 
stabilized by the addition of 10 mg. of crystalline bovine serum albumin, 400 
umoles of potassium phosphate buffer, pH 7.9,6 wmoles of MgClo, 6 wmoles of ATP, 
25 umoles of cysteine, and an extract of acetone-dried pigeon liver 1aitochondria 
(12 mg. of protein) in a total volume of 3.0 ml. Incubation time, 2 hours at 34°. 


Furthermore, the addition of CoASH in concentrations which inhibited 
acetate incorporation consistently stimulated the conversion of palmitate 
to acetoacetate. The experiments on fatty acid oxidation were performed 
with extracts of acetone-dried pigeon liver mitochondria. It was found 
that a small amount of oxidation took place in the supernatant solution 
obtained from the hard spun pigeon liver homogenate. These values were 
on the order of one-fifteenth of those obtained with the mitochondrial ex- 
tracts and the small amount in the supernatant solution may be due to 
some fragmentation of the mitochondria during homogenization, since iso- 
tonic sucrose was not employed. The extracts of the acetone-dried mito- 
chondria were completely incapable of catalyzing the incorporation of 
C'-acetate into long chain fatty acids. 
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DISCUSSION 


Langdon (11) has recently reported that the incorporation of acetate into 
fatty acids by an enzyme system obtained from rat liver has an absolute 
requirement for TPN as well as DPN. Furthermore, he has localized a 
site of action of TPNH at the step in which crotonyl coenzyme A is re- 
duced to butyryl coenzyme A. DPNH could not substitute for TPNH in 
this reaction. Evidence presented in this paper indicates that the stimu- 
lating effect of citrate and fumarate on the incorporation of C'*-acetate 
into long chain fatty acids by water-soluble enzyme preparations of pigeon 
liver may be due to some extent to the generation of a continuous supply 
of TPNH. 

The observation that a-ketoglutarate in the presence of glucose-6-PO, 
and its dehydrogenase afforded the greatest stimulation for the incorpora- 
tion of acetate is consistent with the known requirements for ATP for the 
activation of acetate (12) as well as the reduction of 6-ketoacyl coenzyme 
A compounds by DPNH (13, 14). Both of these components may be 
obtained in the oxidative decarboxylation of a-ketoglutarate. The failure 
of a-ketoglutarate to stimulate the incorporation of acetate in the absence 
of glucose-6-PO, and its dehydrogenase lends support to the concept of the 
importance of a constant supply of TPNH. The inability of glucose in 
the presence of glucose dehydrogenase, DPN, and TPN to augment the 
incorporation of acetate as well as citrate is probably due to the failure of 
this system to supply a constant source of ATP. Indeed, the inhibitory 
effect of arsenate in the presence of citrate and a-ketoglutarate may be due 
to attenuation of the supply of ATP through arsenolysis of succinyl coen- 
zyme A produced in the oxidation of a-ketoglutarate (15). Similarly, the 
inhibitory effect of arsenite may be due to inhibition of a-ketoglutarate 
oxidation. ‘ 

It is conceivable that an attenuated supply of TPNH may contribute to 
the drastic reduction of fatty acid synthesis which occurs in liver tissue 
from diabetic animals (16, 17). It remains to be demonstrated whether 
such a condition can arise from a shift in the pathways of glucose metab- 
olism in diabetic liver tissue (18, 19). 

The fact that high concentrations of CoASH appear to stimulate fatty 
acid oxidation on the one hand, but inhibit fatty acid synthesis on the 
other, may be of importance in the biological control of fat metabolism. 
In this regard, it may be significant that the amount of CoASH in liver 
tissue obtained from diabetic and fasted rats has been found to be con- 
siderably higher than that present in normal animals. We have confirmed 
Tompkins’ findings of a marked difference between fed and fasted animals, 
and, although CoASH levels as high as 3 X 10-* umole per mg. of protein 


> Tompkins, Dr. Gordon, personal communication. 
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were observed in extracts of liver tissue from fasted animals, it is probably 
premature at this time to attempt to assess the influence of tissue levels of 
CoASH upon fatty acid metabolism. 


SUMMARY 


Evidence has been presented which suggests that the stimulating effect 


of citrate upon fatty acid synthesis is due at least in part to the production 
of TPNH via isocitric dehydrogenase. 


Fatty acid synthesis is markedly inhibited by free CoASH and, by way 


of contrast, fatty acid oxidation was stimulated by supplemental CoASH 
and inhibited by the addition of citrate. 
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ELECTROPHORETIC MOBILITY-IONIC STRENGTH 
STUDIES OF PROTEINS 


Ill. THE SUBFRACTIONATION OF HUMAN 
y-GLOBULIN (FRACTION II)* 


By ABRAHAM SAIFER ann HAROLD COREY 


(From the Isaac Albert Research Institute and the Department of Physical 
Chemistry, Jewish Chronic Disease Hospital, Brooklyn, New York) 


(Received for publication, February 1, 1956) 


While human y-globulin moves as a single boundary electrophoretically 
((1); cf. Fig. 1), it has been shown to be heterogeneous by a number of other 
physicochemical techniques. These include electrophoresis boundary 
spreading (2), electrophoresis convection (3), ultracentrifugation (4, 5), 
low temperature-ethanol fractionation (6), and dialysis against distilled 
water (7). Conversely, other investigators (8-10) have found difficulty in 
demonstrating the heterogeneity of human y-globulin (Fraction II) with 
immunochemical techniques. This finding has been recently confirmed by 
the sensitive agar gel-immunochemical-electrophoretic method of Grabar 
and Williams (11) in which a single broad band is formed in the region of 
the slowest mobility (12). This discrepancy of results between physical 
and immunochemical methods led Colvin, Smith, and Cook (13) to ques- 
tion the usefulness of immunochemistry as an experimental tool for differ- 
entiating minor differences (microheterogeneity) between closely related 
families of proteins, e.g. y-globulins (14). 

In previous studies (15, 16) the authors, using low ionic strength buffer 
systems in the region of the isoelectric point, reported on the electrophoretic 
subfractionation of ‘‘purified’? human and animal albumins. The present 
paper deals with the application of this technique to the subfractionation 
of human y-globulin (Fraction II) and the relationship of the euglobulin 
and pseudoglobulin moieties to the whole fraction. The data presented 
here, therefore, provide additional evidence of the usefulness of low ionic 
strength electrophoresis as a general experimental method for establishing 
the microheterogeneity of ‘‘purified’”’ proteins. | 


* Aided by Grant B-285-Cl of the United States Public Health Service, dealing 
with the general subject of ‘‘Protein studies in chronic diseases.’’ Presented before 
the Division of Biological Chemistry at the 128th meeting of the American Chemical 
Society, Minneapolis, September 14, 1955. 
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EXPERIMENTAL 


Apparent Homogeneity of American Red Cross-Human y-Globulin'—[y 
order to test the degree of electrophoretic homogeneity of our material, an 
aliquot of a 16 per cent stock solution of y-globulin was diluted to 4 per 
cent with barbiturate buffer (pH 8.6; ionic strength 0.10) (1). This solu. 
tion was dialyzed mechanically (18) at 4°, in Visking tubing, for 12 hours 
against 400 ml. of the same buffer and analyzed electrophoretically at a 
temperature of 0.5°. All the experiments were performed with an Aminco 
portable electrophoresis apparatus according to a previously described tech- 


Fic. 1. Ascending (top) and descending (bottom) patterns of a 4 per cent solution 
of y-globulin (Fraction II) obtained in barbital buffer, pH 8.6, 0.1 ionic strength. 
The trailing peaks are the 6 and e salt boundaries, respectively. Time of run = 9000 
seconds; temperature = 1°; potential gradient = 9.0 volts per cm. Fraction II is 
estimated to be 95 to 98 per cent pure under these conditions. 


nique (19). The ascending and descending patterns obtained are shown 
in Fig. 1. 

Determination of Isoelectric Point of y-Globulin—aAll of the subsequent 
electrophoretic analyses were performed in the buffer systems of Miller 
and Golder (20) in which 90 per cent of the ionic strength is contributed 
by NaCl. In order to determine the optimal conditions for the subfrac- 
tionation of y-globulin it was necessary to obtain the isoelectric point of 
the protein in these buffers. A series of 0.1 ionic strength buffers was pre- 
pared having pH values of 4.0, 5.0, 5.5, 6.0, 6.5, 7.0, and 8.5, and electro- 
phoresis was performed on 4 per cent solutions of y-globulin as described 
above. The values of mobility obtained versus pH are plotted in Fig. 2. 

Experimental Conditions for Subfractionation of y-Globulin—The optimal 

1+-Globulin used in these studies was obtained from the American Red Cross 


through the courtesy of Dr. J. N. Ashworth. It is prepared by the ethanol-low tem- 
perature fractionation method of Cohn and his associates (17). 
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iome strength for the subfractionation of y-globulin was determined by 
running 4+ per cent solutions of y-globulin in acetate-NaCl (pl 5.5) bufters 
of 0.2, 0.1, 0.08, 0.06, 0.05, 0.045, 0.04, 0.08, 0.025, and 0.02 ionie strengths, 
These various ionic strength buffers, at constant pH, were prepared from 
(0.20 ionic strength buffer (20) by dilution with triple distilled water. The 
electrophoretic patterns obtained in some of these runs are shown in Fig, 3 


IONIC 
STRENGTH 
(A) 0.20 
(B) 0.10 
--- BARBITURATE-NaCl(90%) BUFFERS 
— PHOSPHATE -NaCl(90%) BUFFERS 
oF ACETATE NaCl(90%) FERS (0) 006 
>> 
+4, 
+2) (E) 004 
0: 
F) 003 
pH UNITS (G) 0 
Fic. 2 Fic. 3 


Fic. 2. Mobility versus pH of 4 per cent y-globulin solutions in 0.1 ionic strength 
buffer systems. These data were used to determine the isoelectric point (pH 6.7). 
All mobility measurements were made from the ascending boundaries. 

Fig. 3. Patterns of 4 per cent y-globulin solutions at pH 5.5, acetate-NaCl buffer, 
showing increase in number of boundaries with decreasing ionic strength. 


and the variation of mobility of the leading peak with change in ionic 
strength is plotted in Fig. 4. Below 0.05 and 0°, y-globulin is not com- 
pletely soluble. This necessitated raising the temperature of dialysis and 
electrophoresis to 8°. To minimize the development of convection arti- 
facts at so high a temperature, the current was reduced to 10 ma. or less 
during these runs. 

Reproducibility of Results—Six aliquots of a 4 per cent solution of y-glob- 
ulin were subfractionated in acetate-NaCl buffer, pH 5.5, 0.05 ionic 
strength. Fig. 5, a and b, shows, respectively, a typical ascending and 
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descending pattern. The area and mobilities for each peak of the six as. 


cending patterns are given in Table I. 


MOBILITY « 10°(CM®-SEC-VOLT) 


IONIC STRENGTH 
Fic. 4. Mobilities versus ionic strength of leading y-globulin peaks at pH 5.5, 
acetate-NaCl buffer and at 4 per cent protein concentrations. 


Fic. 5. a, ascending pattern of a 4 per cent solution of y-globulin (Fraction II) 
in acetate-NaCl buffer, pH 5.5, 0.05 ionic strength. 6, descending pattern of a. 


Isolation and Electrophoretic Study of Leading y-Globulin Boundary—60 
ml. of 4 per cent y-globulin were dialyzed against 1 liter of buffer at pH 
5.5, ionic strength 0.05, and run electrophoretically in an Aminco macro 
preparative Tiselius cell. The leading ascending boundary of those illus- 
trated in Fig. 5, a was withdrawn by using a motor-driven syringe. The 
protein material (1.5 per cent) was then redialyzed in the same buffer so- 
lution as above and once again determined electrophoretically. The as- 
cending and descending boundaries obtained in this run are shown in Fig. 6. 

Preparation of Fractions of Varying Solubility—16 per cent y-globulin 
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was diluted to 4 per cent with distilled water (pH 7) and dialyzed against 
a large volume of distilled water at 0°. The precipitate formed was centri- 
fuged at 10,000 r.p.m. in an ultracentrifuge and the supernatant liquid 
was decanted. The precipitate was washed twice with cold distilled water 
and dissolved in a minimal volume of acetate-NaCl buffer of 0.2 ionie 
strength. Water was then added to reduce the ionic strength to 0.08 and 
the solution was dialyzed at 1° against 400 ml. of buffer of 0.08 ionic 
strength. The slight haze that formed after dialysis was centrifuged at 
10,000 r.p.m. for 5 to 10 minutes. Under these conditions most of the 


TABLE I 


Reproducibility of Mobilities and Relative Per Cent Areas for Each Boundary 
Obtained by Electrophoretic Subfractionation of y-Globulin (Fraction IT) 
in Acetate-NaCl Buffer, pH 5.5, 0.05 Ionic Strength 


Peak 1 Peak 2 Peak 3 

Per cent area uw X 105* Per cent area uw X 105 Per cent area uw X 105 
36.8 +3.8 19.0 +2.6 44.2 —0.2 

38.8 +3.4 21.6 +2.3 39.6 —0.5 

41.3 +3.9 19.3 +2.5 39.5 —0.5 

35.2 | 44.5 —0.2 

40.7 +4.0 HA 38.3 —0.5 

38.2 +3.4 20.8 | +2.3 41.1 —0.5 
Mean... .38.5 +3.7 2.3 | +2.5 41.2 —0.4 
+s.d.... 2.30 0.26 1.02 | 0.17 | 2.60 0.15 


*u = mobility (cm.? per volt per second). 


insoluble fraction stays in solution. The supernatant solution and an ali- 
quot of Fraction II were dialyzed and run electrophoretically under the 
same conditions as the insoluble fraction. The patterns obtained of the 
supernatant solution and precipitate, as compared to that of the whole 
y-globulin fraction, are shown in Fig. 7. 


Results 


Electrophoretic analysis of a 4 per cent solution of human y-globulin 
(Cohn Fraction ITI) in barbiturate buffer, pH 8.6, 0.1 ionic strength, showed 
that this fraction is relatively free of contamination with other proteins 
(Fig. 1). The isoelectric point of y-globulin has been variously reported 
as having pH values from 6.0 to 8.5 (2, 3, 9, 21-23). Fraction II was 
found to have an average isoelectric point of 7.3 in cacodylate-NaCl buffer 
of 0.10 ionic strength (24). Its isoelectric point in the 0.10 ionic strength, 
NaCl-enriched buffers, used in this study, was found to be pH 6.7 by inter- 
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polation of the ascending mobility versus pH curve shown in Fig. 2. The 
use of NaCl to make up 90 per cent of the total ionic strength assures q 
more uniform buffer Composition than would otherwise be obtained in the 
transition from one buffer system to another (20), 

From the work of Longsworth and Jacobsen (25), Miller ef al. (26), and 
from our previous albumin studies (15, 16), it has been observed that 
multiple ascending boundary formation occurs most readily at pH values 


0)GAMMA GLOBULIN 
FRACTION T-WHOLE 


MOBILIT Y 24a +1. 03 
(cme/sec/ volt *10°5) oon 


b)GAMMA_ GLOBUL! 
FRACTION ii - 
SUPERNATANT 


MOBILIT Y +30 +16 


c)GAMMA_ GLOBULIN 
FRACTION TI - PRECIPITATE 


Fia. 6 Fic. 7 


Fic. 6. Ascending (top) and descending (bottom) electrophoretic patterns of pro- 
tein material obtained by isolation of the leading peak from pattern illustrated in Fig. 
5,a. The experimental conditions are the same except for reduced protein concen- 
tration (1.5 per cent). 

Fic. 7. Electrophoretic patterns of solutions of y-globulin (2 per cent) and the 
pseudoglobulin (2 per cent) and euglobulin (0.5 per cent) subfractions obtained by 
dialysis against distilled water (pH 7.0). Experiments were performed in pH 5.5, 
acetate-NaCl buffers, 0.08 ionic strength at 1°. 


just below the isoelectric point. Acetate-NaCl buffer of pH 5.5 was found 
to be the best one for these studies because of the limited solubility of 
Fraction II in pH regions closer to the isoelectric point. 

Fig. 3 shows the change in the electrophoretic patterns obtained with 
4 per cent y-globulin solutions, at pH 5.5, as the ionic strength was de- 
creased from 0.20 to 0.02. At 0.20 ionic strength, a single, sharp boundary 
is formed similar to that obtained in barbiturate buffer of 0.1 ionic strength 
(Fig. 1). Two additional boundaries were then formed as the ionic 
strength was lowered from 0.20 to 0.08. Values of ionic strength below 
0.08 caused changes in the areas and mobilities of the boundaries formed 


& 


{ 

\ 

it 

38% 26% 
O (y | 


lhe 
the 


L 


A. SAIFER AND H. COREY 809 


hut no increase in their number. ‘This is in contrast with the results ob- 
tained with human serum albumin (15) for which additional boundaries 
were formed between ionic strengths of 0.075 and 0.02. As occurs with 
albumin (15), the area under the rear y-globulin boundary showed an in- 
crease With decreasing ionic strength. At present, the possibility remains 
that such peaks result from a protein-salt (or 6) boundary rather than a 
“true” protein boundary. Experiments dealing with the effect of using 
other electrolytes and buffers on the nature of this boundary are presently 
in progress, 

The curve obtained for the variation in the mobility of the leading y-glob- 
ulin peak with changes in ionic strength is illustrated in Fig. 4. It shows 
a striking similarity to that previously obtained for albumin at pH 4.0 
(15). In both instances the effect of increasing the ionic strength is to 
decrease the ¢ potential across the diffuse ionic double layer surrounding 
the charged protein molecule and thus retard its mobility (27). 

Fig. 5, a and b, presents photographs of the ascending and descending 
patterns of 4 per cent y-globulin solutions in 0.05 ionic strength, acetate- 
NaCl buffer, at pH 5.5. These conditions were chosen for reproducibility 
of areas and mobilities because of good resolution of the boundaries and 
absence of even slight amounts of euglobulin precipitate that sometimes 
occurred at lower ionic strengths. The statistical analysis of the data ob- 
tained in six separate runs on the same protein material are presented in 
Table I. The results obtained demonstrate the excellent reproducibility of 
the method for purposes of quantitative analysis. 

Possible reasons for the marked asymmetry of the ascending and de- 
scending boundaries observed in Fig. 5, a and b, have been discussed pre- 
viously (15, 16). It appears to be characteristic of those ‘“‘purified”’ pro- 
teins which exhibit electrophoretic microheterogeneity. This phenomenon, 
however, is not observed when the leading y-globulin boundary is with- 
drawn from a Tiselius preparative cell and rerun under the same experi- 
mental conditions which originally resulted in multiple boundary forma- 
tion. As is seen in Fig. 6, the isolated subfraction of y-globulin moves 
with a stngle electrophoretic boundary and with relatively similar ascend- 
ing and descending boundaries. The mobility of this subfraction is +3.4 
cm.” per volt per second which checks rather well with the values obtained 
for the leading boundary of Fraction II given in Table I. It should not, 
however, be concluded that this single boundary now represents a “‘pure”’ 
component which cannot be further subfractionated under other experi- 
mental conditions. In conformity with the concept of ‘“‘microheteroge- 
neity,’’ it simply represents a discrete fraction of protein molecules whose 
properties with respect to electrophoretic mobility are quite similar under 
the given experimental conditions. 
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The fact that such a discrete fraction can also be obtained by means 
other than electrophoretic separation is illustrated by the data in Fig. 7, 
These results are based on the subfractionation of y-globulin (Fraction II) 
by means of solubility differences in cold distilled water (pH 7) into a 
soluble (pseudoglobulin) and an insoluble (euglobulin) fraction. ‘This lat- 
ter fraction moves with a single electrophoretic boundary under the stated 
experimental conditions while the pattern of the pseudoglobulin closely re- 
sembles that of the whole Fraction II. It would appear both from the 
decrease in area under the middle boundary of Fraction II and the mobility 
of the isolated euglobulin that the insoluble fraction is derived to a large 
extent from the protein material constituting the central peak. Electro- 
phoretic determinations were also made with the same pseudoglobulin and 
euglobulin fractions in 0.1 ionic strength barbiturate buffer at pH 8.6. Un- 
der these conditions, both of these subfractions moved with a single uni- 
form boundary having a slightly greater mobility than Fraction IT itself. 
The slower average mobility of Fraction II, as compared to its solubility 
subfractions, has been interpreted by some investigators (12, 14) as being 
due to binding phenomena involving neutralization of the charge sites of 
these proteins. It should also be noted that, although in some instances 
electrophoretic determinations were performed with protein concentrations 
of less than 4 per cent, previous work had shown that this produces only 
minor changes in the ascending protein patterns (16). 


DISCUSSION 


According to the concept of ‘‘microheterogeneity” of proteins (13), a 
native protein consists of a population of closely related molecules which 
may differ either discretely or continuously in a number of properties. Frac- 
tionation may separate the population into two or more discrete fractions 
with distinguishable properties, but each still represents a variable popula- 
tion of related members whose further separation awaits only different, or 
more sensitive, techniques. Experimental verification of this viewpoint 
may be found in the fact that with the sensitive electrophoresis reversible 
boundary spreading procedure a large number of purified, or crystallized, 
proteins were not homogeneous (24, 28). 

It is believed that electrophoresis in low ionic strength buffers constitutes 
still another sensitive and useful method for the experimental demonstra- 
tion of the microheterogeneity of ‘“‘purified’”’ protein preparations. It also 
possesses a number of practical advantages over other existing techniques 
(13) for this purpose. For example, as compared to reversible boundary 
spreading (2), two or more ascending boundaries are generally formed 
whose mobilities and areas can be measured quantitatively. Electropho- 
resis also appears to be applicable to many purified proteins, since, exclusive 
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of various animal albumins and human ,y-globulins investigated by us, 
multiple ascending boundary formation has been reported for ovomucoid 
(29, 30), southern bean mosaic virus (31), growth hormone (32), human 
lipoproteins (33), and human hemoglobin (34, 35). Only in the case of 
carbon monoxide hemoglobin (35) was a systematic study made of the effect 
of ionic strength variation at constant pH. ‘The similarity of the results 
obtained with low ionic strength electrophoresis for purified human blood 
proteins, é.g. carbon monoxide hemoglobin (35), animal albumins (16), and 
y-globulin, provides evidence that we are dealing with a generalized prop- 
erty of such systems, 

Two alternative explanations have been offered for the multiple ascend- 
ing electrophoretic boundaries which occur in the vicinity of the isoelectric 
point or in low ionic strength buffer systems: Firstly, since the pronounced 
asymmetry of the ascending and descending boundaries (Fig. 5, a and 6) 
disappears at higher ionic strengths (Fig. 3), it is believed by some investi- 
gators that the multiple boundaries constitute ‘‘artifacts’’ which are caused 
by the non-ideality of the experimental system (36). Secondly, these mul- 
tiple boundaries represent a further subdivision of a ‘“‘purified’’ protein into 
discrete fractions of greater homogeneity with respect to at least one experi- 
mental parameter, i.e. their electrophoretic mobility. In addition to the 
voluminous literature in this connection cited in the review article by 
Colvin et al. (13), much of the earlier work dealing with the heterogeneity 
of human serum albumin has been summarized by Hughes (7). More 
recent experimental work tends to support the viewpoint that this protein, 
as well as others, formerly considered as a ‘“‘pure component”’ is actually 
heterogeneous. For example, human serum albumin has been found to con- 
sist of two or more discrete fractions by means of agar gel-immunochemical 
electrophoresis (11, 37), column chromatography (38), optical rotation 
measurements (39), gel diffusion techniques (40), and low ionic strength- 
starch gel electrophoresis (41). The criticism of possible boundary ‘‘anom- 
alies’’ applied to low ionic strength-free electrophoresis cannot justifiably 
be carried over to most of the above listed procedures. 

Perhaps the most convincing proof to date for the existence of discrete 
fractions in low ionic strength (0.01) electrophoresis comes from the work 
of Bier et al. (30). These investigators found ovomucoid to consist of 
three major and two minor fractions electrophoretically. They separated 
off the fastest peak by electrophoresis convection (pH 4.45) and obtained 
a cut which gave only a single boundary with low ionic strength electro- 
phoresis. The presently reported findings for the isolated y-globulin sub- 
fractions are in complete agreement with those published by these investi- 
gators for ovomucoid (30) and with those obtained for electrophoretically 
isolated serum albumin subfractions by Smithies (41). On the basis of 
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these findings, the assumption is made that the ascending boundarie 
formed in low ionic strength electrophoresis represent discrete fractions of 
similar protein molecules differing, but slightly, in their isoelectric points, 
Since there is general agreement in all recent review articles (7, 23, 42-44) 
with respect to the heterogeneity of normal human y-globulin (Fraction 
II), the results presented here serve to bring the electrophoretic method 
in line with other physicochemical procedures. 

The acceptance of the concept of microheterogeneity of ‘“purified’’ proteing 
(13) carries with it the implication of their endless fractionation by in. 
creasingly more sensitive techniques. Such an approach would appear to 
be a fruitless one, were it not for the fact that many of these protein frac. 
tions have concentrated within themselves some of the important physio. 
logical properties of living systems (45). This is particularly evident in 
the case of the y-globulins as the main antibody-carrying fraction of the 
blood plasma. ‘Therefore, the possibility exists that some of these subfrae- 
tions of Fraction II may contain the “natural” antibodies of certain com- 
mon diseases (43). This problem, as well as the changes which occur 
during the hyperimmunization process in animals, is presently being inves- 
tigated. 

SUMMARY 


1. Normal, human y-globulin (Cohn Fraction II) has an isoelectric point, 
based on ascending mobilities, of pH 6.7 in 0.1 ionic strength buffers of 
which 90 per cent is due to NaCl. 

2. Fraction II in pH 5.5, acetate-NaCl buffers, separated into three 
boundaries at ionic strengths of 0.08 or less. When the ionic strength was 
decreased from 0.08 to 0.02, changes occurred in the relative areas under 
the boundaries but not in the number formed. The patterns obtained are 
highly reproducible. 

3. Electrophoretic separation of the leading boundary of Fraction II in 
a Tiselius preparative cell and then rerunning this subfraction gave a single 
electrophoretic peak of similar mobility under the same conditions which 
yielded three peaks with Fraction IT. 

4. Fraction II was separated by dialysis against distilled water (pH 7) 
into a soluble (pseudoglobulin) and an insoluble (euglobulin) fraction. 
The pseudoglobulin fraction gave an ascending electrophoretic pattern at 
pH 5.5, acetate-NaCl buffer, 0.08 ionic strength, which was quite similar 
to that obtained for the whole Fraction II except for a decrease in area 
under the middle boundary. 

5. The euglobulin fraction migrated electrophoretically with a single 
boundary under the same conditions and with a mobility approximately 
equal to that of the middle boundary of Fraction IT. 
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6. In barbital buffer at pH 8.6, 0.10 ionic strength, both pseudoglobulin 
and euglobulin exhibited single boundaries with slightly greater mobilities 
than are obtained with Fraction IT. 

7. Multiple ascending boundary formation in the vicinity of the isoelec- 
tric point or in low ionic strength buffer systems is interpreted as experi- 
mental evidence for the ‘‘microheterogeneity”’ of proteins, 7.e. the existence 
of families of molecules with similar, but not identical, physical and chemi- 
cal properties. Supporting evidence employing other techniques is cited 
and the implications of this approach to biochemical problems, e.g. anti- 
body localization, are discussed. 


The authors wish to acknowledge the aid and encouragement given them 
by Dr. Bruno W. Volk, Director of Laboratories, throughout the course 
of these studies, and to express appreciation to Mrs. Lillian Salowitz for 
the typing and editing of the manuscript. 
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THE PROTEOLYTIC ACTION OF THROMBIN 
ON FIBRINOGEN * 


By MICHAEL LASKOWSKI, Jr.,f THOMAS H. DONNELLY,t} 
BARBARA A. VAN TIJN,§ ann HAROLD A. SCHERAGA 


(From the Department of Chemistry, Cornell University, Ithaca, New York) 
(Received for publication, March 26, 1956) 


It is known that in the fibrinogen-fibrin conversion thrombin initially 
causes an enzymatic alteration (1-3) of the fibrinogen molecule. Further, 
it has been shown (4) that, while fibrinogen has only tyrosyl and glutamyl 
N-terminal residues, fibrin has instead tyrosyl and glycyl N-terminal resi- 
dues. The difference in the nature of these residues has been attributed 
(4) to the liberation from fibrinogen of a peptide or peptides, hereafter 
referred to as a peptide. Direct proof for this hypothesis was provided 
(5) when a peptide, called fibrinopeptide, was isolated from the supernatant 
fluid after clotting had occurred, and when it was further shown (5-7) 
that the peptide contains the N-terminal glutamyl residues missing from 
fibrin. 

Further support for the proteolytic nature of the thrombin reaction was 
provided when it was demonstrated (8) that thrombin hydrolyzes synthetic 
arginine amides and esters, and that these synthetic substrates can success- 
fully compete with fibrinogen for thrombin. 

It has previously been suggested (9) that the conversion of fibrinogen 
to fibrin may be envisaged as a series of three reversible steps. 


T 
Proteolysis, F —f + P (1) 
Polymerization, nf =— f, (2) 
Clotting, mf, — fibrin (3) 


where F signifies fibrinogen, T is thrombin, f is the fibrin monomer (3) 


* This investigation was supported in part by a research grant (No. H-1662) from 
the National Heart Institute of the National Institutes of Health, Public Health 
Service, and in part by the Office of Naval Research and by Eli Lilly and Company. 
Reproduction in whole or in part is permitted for any purpose of the United States 
Government. 

Part of this material was presented before the Division of Biological Chemistry 
at the 122nd meeting of the American Chemical Society, Atlantic City, New Jersey, 
September, 1952. 

t Research Fellow of the National Heart Institute, United States Public Health 
Service, 1952-56. 

{ Present address, Research Laboratories, Swift and Company, Chicago, Illinois. 

§ Deceased, December 16, 1954. 
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816 THROMBIN ACTION ON FIBRINOGEN 


(designated earlier as “activated fibrinogen”), P is the fibrinopeptide (5), 
and f, is an intermediate polymer (10) where n and m are some variable 
numbers (11, 12). The reversibility of Steps 2 and 3 has been demon. 
strated in other publications (12-14). 

At present the question of the reversibility of Step 1 is under investiga- 
tion in our laboratory. During the course of this work, experimental eyj- 
dence has been obtained which demonstrates that the fibrinopeptide js 
liberated in Step | of the fibrinogen-fibrin conversion. This evidence, 
based on the liberation of non-protein nitrogen under conditions in whieh 
Steps 2 and 8 are inhibited, is presented herein, 


EXPEMIMEN TAL 


Matertal— Armour bovine traction [| (lot No, LIlO) was refractionated 
by Laki’sa procedure (3) to yield punted fibrinogen which was dissolved in 
Im Naber at pil 5.3 and dialyzed against this same solvent at about 24°, 
The resultant stock solutions were analyzed by an adaptation of Morr: 
son’s procedure (15) for fibrinogen concentration.! The assay was carried 
out. by adding 1 ml. of the stock solution containing fibrinogen in 1 
NaBr to 20 ml. of a standard clotting buffer,’ and then adding | ml. of 
thrombin solution (final concentration 1 unit per ml.) to the resulting mix- 
ture. The concentration of NaBr was thus reduced to 0.045 m so that the 
salt did not interfere in the Morrison assay. 

Parke, Davis bovine thrombin (15 to 20 units per mg.) was used as well 
as a highly purified preparation, having an activity of about 1000 units 
per mg., graciously supplied by Dr. W. H. Seegers. 

The amino acids and peptides used for checking analytical procedures 
were the best grade available and were used without further purification. 
All other materials were analytical reagent grade. Acetate buffers were 
used near pH 5 and phosphate buffers near pH 6. 

To eliminate the nitrogen blank from the water used in making up solu- 
tions, the distilled water was passed through an ion exchange resin (Demi- 
nizer, manufactured by the Crystal Research Laboratory, Inc., Hartford, 
Connecticut). 

All pH measurements were made with a Beckman model G pH meter 
standardized at pH 4 and 7 with Beckman buffers. 

Procedure—The study of Step 1 was carried out in several solvents in 


1The per cent clottability of such solutions could not be determined by Laki’s 
procedure (3) because of the high ionic strength (1m NaBr). However, similar prep- 
arations of fibrinogen, when dissolved in 0.3 mM KCl, were found to be about 95 per 
cent clottable by Laki’s method (3). 

2 The standard clotting buffer is prepared by adding 50 ml. each of 1.0 m KH2PO; 
and 0.5 M NasHPO, to 1500 ml. of 0.1m KCl. The ionic strength is greater than 0.1 
and the pH is about 6.3 as recommended by Morrison (15). 
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which Steps 2 and 3 were inhibited. Such solvents were (a) the original 
system of Laki (3), 0.8 Mm KCl, pH 5, (6) 2 mM NaBr, pH 5.7, (c) 1 m NaBr, 
pH 5.3. Of these solvent systems the first two were found to be much 
less satisfactory than the last. In the KCl system the solubility of fibrin- 
ogen was quite low; in the 2 M NaBr stability was poor. Thus, all the 
measurements reported in this paper refer to the 1 mM NaBr system. How- 
ever, measurements in the other systems yielded results in essential agree- 
ment with the conclusions of this paper. 

Although the data presented here do not yet permit us to conclude that 
Step | is reversible, the experiments were designed to test this hypothesis 
by attempting to approach equilibrium from opposite directions. In the 
im Nabr, pH 5.3, system polymerization (7.¢. Step 2) does not take place 
(12); however, extensive polymerization does occur (12) in the same solvent 
at pH 5.9. ‘This affords an opportunity to study the approach to the equi- 
librium of Step | from both directions, In a typical run the fibrinogen 
solution in 1 mM NaBr used for the study was divided into two parts. One 
was adjusted to pH 5.3 and mixed with thrombin. This was a forward 
run in which the equilibrium was approached from the left. ‘The second 
portion of the solution was adjusted to pH 5.9 and also run with thrombin. 
Here the reaction of Step 1 proceeded to essential completion, since the 
fibrin monomers were removed to form the intermediate polymers of Step 
2. After the reactions at pH 5.9 were essentially complete, the pH was 
changed back to 5.3. This led to depolymerization of f,, the temporary 
presence of excess f, and presumably the onset of the reverse reaction of 
Step 1, for which the equilibrium position was approached from the right. 
In the reverse runs the time at which the pH was lowered from 5.9 to 5.3 
was taken as zero time for the reverse reaction. Since this time is arbi- 
trary, the amounts of f and P present at this point in the run will vary 
from run to run, but, of course, can never exceed the stoichiometric values. 
The fibrinogen concentration (usually about 3 per cent) and the thrombin 
concentration (usually 50 units per ml.) were the same in both the forward 
and reverse runs. 

Flow Birefringence and Sedimentation—The runs on Step 1 were moni- 
tored for the absence of polymerization at pH 5.3 and its presence at pH 
5.9 by means of flow birefringence (12) and sedimentation (12). The ap- 
paratus used for flow birefringence measurements has already been de- 
scribed (16). The sedimentation measurements were carried out with the 
Spinco model E ultracentrifuge. At pH 5.3, at which Step 2 is inhibited, 
solutions of F, F + T, and depolymerized fibrin give identical extinction 
angle curves and sedimentation patterns. At pH 5.9, at which Step 2 
occurs, the intermediate polymers are detectable by sedimentation (10-12) 
and flow birefringence (11, 12). 
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Analytical Procedure—The analytical procedure must enable measure. 
ments of the extent of the forward and reverse reactions to be made at any 
time in the presence of NaBr. For this purpose analyses were carried out 
to determine the concentration of fibrinopeptides. One of the principal 
difficulties in the analytical procedure is stopping the reaction before the 
actual analysis, without causing any untoward changes in the system. In 
the analysis for P we have resorted to the non-protein nitrogen technique, 
Thus trichloroacetic acid (TCA) was an ideal stopping agent since it algo 
separated the protein and non-protein materials. ‘The non-protein nitro- 
gen present in the supernatant fluid after precipitation of protein with TCA 
was, therefore, taken as a measure of the concentration of P. 

Separate clotting time testa and also activity testa toward the synthetic 
substrate p-toluenesulfonyl- L-arginine methyl eater (8) were used to show 
that there wan no significant loss of thrombin activity during the time that 
the reactiona were carried out. 

In order to conserve thrombin’ the nitrogen analyses for P were per- 
formed on an ultramicro scale. 1 ml. aliquots were withdrawn from both 
the forward and reverse reaction mixtures at various times and pipetted 
into 1 ml. of 15 per cent TCA at 0° to precipitate the protein.‘ The re- 
sulting mixtures were filtered with nitrogen pressure through precooled, 
fine, sintered glass crucibles, and the filtrate was analyzed for nitrogen by 
the Conway procedure (17), modified for use in NaBr media as described 
below. Appropriate blanks were taken at all stages of the procedure for 
similar analyses. 

The Conway procedure (carried out on 0.2 ml. aliquots of each TCA 
filtrate, the NaBr concentration being 0.5 m because of the 2-fold dilution 
with TCA) was modified by removing NaBr prior to oxidative digestion in 
order to prevent loss of ammonia by reaction with bromine. The 0.2 ml. 
aliquot of the solution to be analyzed was heated in an oven to 100°, after 
which 0.2 ml. of hot 30 per cent oxalic acid solution was added. The re- 
sulting mixtures were left at 100° for 1 hour and then gradually brought to 
140° over a period of 1 more hour, and left at 140° for a 3rd hour, after 
which time removal of bromide as HBr was complete. The removal of 
oxalic acid and the oxidative digestion to convert the nitrogen to ammonia 
were then carried out by adding to the cooled solutions 0.16 ml. of Mix- 
ture A (1 gm. of CuSO,-5H:0, 0.2 gm. of sucrose, and 5 ml. of concentrated 
H.SQ, dissolved in 100 ml. of HO) and 0.08 ml. of Mixture B (10 mg. of 
selenium per ml. of concentrated H,SQO,) and heating at 100° until no fur- 


3 The thrombin concentration was 50 units per ml. during a run in order to reach 
equilibrium in Step 1 in reasonable time. 

‘If the TCA was not maintained at this low temperature, a larger nitrogen blank 
was obtained, probably due to acid hydrolysis of the proteins. 
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ther evolution of CO2 was noticed. After removal of CO2, the sample tubes 
were placed in an aluminum block which had been preheated to 200—250°. 
The temperature was then rapidly raised to 300°, the time of clearing of 
the solutions was noted, and the digestion was continued for an additional 
time depending on the expected amount of nitrogen according to the fol- 
lowing schedule. 


Digestion time after clearing (at 300°) 


Nitrogen expected Additional digestion time 


hes. 


| 
| 


20 4 


After the digestion, water was added to bring the volume to a calibration 
mark at 1.2 ml., and 1.0 ml. of this volume was transferred to the outer 
well of the Conway diffusion dish. ‘The center well of the Conway dish 
was filled with 1.0 ml. of 0.001 N HCl containing methyl red-methylene 
blue indicator. 1 ml. of 40 per cent NaOH was added to the outer well 
and diffusion of ammonia was allowed to take place at room temperature 
for 4 hours with a petroleum jelly-sealed glass lid, placed over the Conway 
dish. After the diffusion of ammonia was complete, the center well was 
titrated with freshly standardized 0.01 nN NaOH by using a 0.1 ml. Gilmont 
micro burette. Appropriate blanks were carried along at all stages, and 
the procedures were checked on known amounts of various amino acids. 
Known samples of leucine were routinely carried along with the samples 
from each run. The leucine samples were also analyzed at higher concen- 
trations by the standard micro-Kjeldahl technique. The precision on 
samples from a run was about 3 to 4 per cent and on standard leucine sam- 
ples was about 2 per cent. Since leucine results were always 4 to 5 per 
cent low, such a correction factor was applied in the Conway procedure. 

Errors arising from occlusion of fibrinopeptide on TCA precipitates and 
also from possible evaporation of samples during the pressure filtration are 
likely to be quite small. In a few experiments, preparations of Lorand’s 
fibrinopeptide® were added to fibrinogen in 1 Mm NaBr and carried through 
the TCA precipitation procedure. Quantitative recoveries of peptide ni- 
trogen were obtained within the limits of experimental error. 


’ We are indebted to Dr. Lorand for sending us the details of his procedure for 
isolation of P before they were published (5). 
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RESULTS AND DISCUSSION 


The data for a typical run in 1 m NaBr at 25° are shown in Fig. 1 wher 
they are expressed in terms of micrograms of non-protein nitrogen produced 
per 0.1 ml. aliquot of the reaction mixture. As already indicated, the inj. 
tial point on the reverse curve will vary from run to run, depending on how 
far the reaction (including Step 2) was allowed to proceed at pH 5.9 before 
lowering the pH to 5.3. In this particular run the fibrinogen concentra. 
tions were 2.95 per cent for the forward reaction and 2.65 per cent for the 
reverse reaction, and the thrombin concentration was 50 units per ml. All 
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Fig. 1. Rate of production of nitrogen in forward and reverse runs at 25° in 1 
NaBr, pH 5.3. 


such experiments have demonstrated that non-protein nitrogen is evolved 
in Step 1 under conditions that Steps 2 and 3 do not take place, 7.e. thal 
P is produced in Step 1. The precision of the experimental points in the 
reverse runs is not sufficiently great to enable us to draw any conclusions 
as to whether the non-protein nitrogen values decrease with time, 7.e. as 
to whether the equilibrium position of Step 1 does or does not lie completely 
toward the right. Further, we cannot calculate an equilibrium constant 
from the data for the forward runs because of difficulties, experienced by 
us and by Lorand,® in the determination of the stoichiometric value of 
P. Other analytical procedures, based on the analysis of f rather than P, 
are at present being employed in our laboratory in further studies on Step 
1. However, the nitrogen data are sufficiently precise to show that the 


¢ Personal communication. 
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fibrinopeptide, which Lorand found in clot supernatant solutions (5), is 
produced in Step 1 before any polymerization is involved. 

In a previous paper (12) a proposed mechanism for the fibrinogen-fibrin 
conversion was outlined. The function of the proteolysis of Step 1 appears 
to be to uncover groups which are required for the subsequent polymeriza- 
tion of f through Steps 2 and 3 by means of intermolecular hydrogen bond- 
ing. We have also shown (18) that nineteen tyrosyl] or lysyl (or both) 
donors and nineteen histidyl acceptors are available for such hydrogen 
bonding. 

SUMMARY 


By using an analytical procedure designed to permit ultramicro-Kjeldahl 
determinations of nitrogen to be carried out in solvents containing NaBr, 
it has been demonstrated that Lorand’s fibrinopeptide (5) is liberated by 
the action of thrombin on fibrinogen under conditions in which the sub- 
sequent polymerization of the fibrin monomer is inhibited, ‘The inhibitor 
used for this purpose in tim Nabe at 5.3, ‘The funetion of the proteo- 
lytic atep in the fibrinogen fibrin conversion appeara to be to liberate groupe 
on the fibrin monomer which are required for the subsequent polymerian 
tion, via hydrogen bonding, to intermediate polymers which ultimately 
form the fibrin clot, 
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PHOTOPHOSPHORYLATION OF ADENINE NUCLEOTIDES 
BY CELL-FREE PREPARATIONS OF 
PURPLE BACTERIA* 
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Minnesota, and the Biochemical Research Laboratory, Mesonchanatio 
General Hospital, Boston, Massachusetts) 
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Over a decade ago the suggestion was made by Lipmann (1), by Lip- 
mann and Tuttle (2), and by Ruben (3) that photosynthetic COz fixation 
involved a reaction sequence of alternate reduction and phosphorylation 
steps. Specific schemes were proposed by these investigators (2, 3) which 
in principle are still retained in the detailed scheme proposed by Bassham 
elal, (A). ‘The observation that chloroplasts from higher plants (5) and 
cell-free preparations from purple bacteria (6) could esterify inorganic phos- 
phate in the light under anaerobic conditions rained the question of the 
importance of this phenomenon for photosynthetic CO, fixation, and an 
far as chloroplasts are concerned thia problem has been atudied already to 
some degree by Arnon and coworkers (7). The relationship of photoayn- 
thetic CO, fixation in bacteria (8-12) to light-induced phosphorylation in 
intact cells was observed by Gest and Kamen (13), although these investi- 
gators were not certain whether such esterification was or was not directly 
coupled to light absorption. 

The primary objective of the present study has been directed toward 
an elucidation of the mechanism of the bacterial photophosphorylation 
process per se. In the course of this investigation it was observed that 
crude cell-free preparations of Rhodospirillum rubrum could phosphorylate 
the 5’ isomers of AMP! and of ADP about equally well. Upon fractiona- 
tion of this material a preparation was obtained which still could use ADP 


* Paper presented at the Gordon Research Conference on Agricultural Biochemis- 
try, Meriden, New Hampshire, July 28, 1955. The helpful support which Dr. F. Lip- 
mann has given to this investigation is gratefully acknowledged. This investigation 
has been supported in part by grants from the Rockefeller Fund and from the Gradu- 
ate School of the University of Minnesota and in part by a grant given to Dr. Lip- 
mann by the National Cancer Institute of the National Institutes of Health, Public 
Health Service. 

1The abbreviations used are P;, orthophosphate; AMP (if not otherwise indi- 
cated), 5’ isomer of adenosine monophosphate; ADP, ATP, 5’ isomers of adenosine 
diphosphate and adenosine triphosphate, respectively; IMP, IDP, ITP, 5’ isomers 
of inosinic acid, inosine diphosphate, and inosine triphosphate, respectively; DPN, 
diphosphopyridine nucleotide. 
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as phosphate acceptor but not AMP, unless a soluble, heat-stable facto, 
was added which had been separated from the phosphorylating fraction 
by high speed centrifugation. It thus appeared likely that ADP could 
be a primary acceptor of the high energy phosphate which is formed as the 
end result of a sequence of reactions initiated by a photochemical aget. 
The present paper describes some of the requirements of the preparations 
which have the potential to carry out the photophosphorylation of AMP 
and of ADP. 


Materials and Methods 


Culture of Bacteria—R. rubrum (strain S-1 was kindly furnished by Dr, 
C. B. Van Niel) is cultured in a manner almost identical with the one de- 
scribed by Gest, Kamen, and Bregoff (14). The liquid culture medium 
is neutralized with KOH instead of with NaOH and trace elements are 
added to give final concentrations in parts per million as follows: Mn, 0.5; 
Zn, 0.05; Cu, 0.02; Co, 0.02; Mo, 0.01. The organism is inoculated from 
agar stabs into the liquid culture medium contained in 4 ounce flint glass 
bottles. ‘The bottles are filled completely with sterile culture medium and 
are closed with flamed Bakelite caps, The bottles are incubated at ap. 
proximately 30° and illuminated with incandescent lamps as directed by 
Gent etal, (14), When these cultures begin to show active gas production, 
they are used to moculate 16 or 32 ounce flint glass bottles, filled previously 
with stenle culture medium, and these bottles then are meubated in the 
light as indicated before, After 18 to 24 hours the cultures are harvested, 
washed two times with glass-distilled water, and finally suspended in 0.2 
potassium glycylglycine buffer, pH 7.5 to 7.6, or in other appropriate buf- 
fers. Preparations which disintegrated tris(hydroxymethylamino- 
methane buffer in general appear to be less active. 

Preparations of Cell-Free Extracts—The cell suspension in ice-cold buffer 
is disrupted in a 10 or 5 ke. Raytheon magnetostrictive oscillator whose 
reaction chamber is cooled to a temperature slightly above the freezing 
point of water. The cells are disrupted for 3 to 4 minutes during which 
time the temperature in the reaction chamber should not increase to more 
than 5°. Prolonged sonic treatment of the material results in a striking 
loss of photophosphorylating activity. The preparation is centrifuged for 
10 minutes at 10,000 X g in a refrigerated centrifuge and the supernatant 
fluid is then freed from cell fragments, visible under the light microscope, 
by filtration through a fine sintered glass funnel. More conveniently the 
material is centrifuged for 30 minutes to 1 hour at 25,000 X g.2. The su- 
pernatant solution obtained after this centrifugation contains highly active 
photophosphorylating material without exhibiting any cell fragments 


2? Maximal centrifugal force existing in centrifuge tube. 
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which can be resolved by the light microscope. This supernatant fluid, 
called the ‘‘crude”’ preparation, is stored on ice and may retain its original 
activity for several days and sometimes weeks. When this supernatant 
solution is centrifuged for 1 hour at 57,000 X g,? a pellet is obtained which 
contains most of the material showing bacteriochlorophyll absorption. 
This pellet is resuspended in buffer and centrifuged again in the same 
manner as indicated before. When the pellet from this centrifugation is 
resuspended, a preparation is obtained which can carry out photophos- 
phorylation, but whose activity can be greatly increased by certain addi- 
tions described below which have no effect on the activity of the crude 
preparations. 

The photophosphorylating experiments usually are carried out at 25° 
in Warburg vessels containing 1 to 3 ml. of the experimental suspension. 
The flasks are illuminated with incandescent lamps whose intensity can be 
adjusted with screens. The experiments are carried out at light intensities 
which will saturate the photophosphorylating reaction under the particular 
conditions; in other words light is not a limiting factor in any of the experi- 
ments described below. Also the experiments are carried out under 
anaerobic conditions to avoid complications due to light-induced oxidation 
reactions involving molecular oxygen (15, 16). ‘The vessels are gassed 
with helium or 5 per cent COs im helium or 5 per cent COs im nitrogen, 
ATP formation can be followed by observing uptake of COs in a biearbo. 
nate-CO, ayatem (17), by uptake of orthophosphate, by merease in acid. 
labile phosphate, or by chromatographic separation and analysis of ATP 
from the deprotemized mixture. Analyses for orthophosphate are carried 
out on aliquots removed from the experimental vessels which are pipetted 
into an equal volume of 10 per cent cold trichloroacetic acid or into an equal 
volume of 8 per cent perchloric acid. After deproteinization the superna- 
tant solution is analyzed by the method of Fiske and Subbarow (18). 
For analyses of the nucleotides the preparations are deproteinized with 8 
per cent perchloric acid and neutralized with normal KOH and are then 
freed from potassium perchlorate by filtering. The filtrate is then used 
for the determination of ATP by means of the hexokinase-catalyzed phos- 
phorylation of glucose (19) or by adsorption on Dowex 1 with subsequent 
elution according to the method of Cohn and Carter (20). 

The chlorophyll values in this paper are based on the optical density of 
the preparations at 800 my without correction for scattering. The ratio 
of the optical density at 880 my to that at 800 my is 6.1, in agreement with 
the spectrum published by Schachman et al. (21). Using the optical den- 
sity at 800 my is merely a matter of convenience, as the preparations usu- 
ally are adjusted to an optical density of 1.0 to 1.5 (1 cm. path length) at 
800 mu; using 880 my as a reference point does require dilution for the same 
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preparations. The dry weight protein values are based on the weight of 
the material precipitating with cold trichloroacetic acid, which is washed 
twice with hot 95 per cent ethanol to give an almost colorless sediment and 
then dried at 100° for 4 hour. 

DPN and the 5’ isomers of AMP, ADP, and ATP (crystalline), as well 
as crystalline adenosine, were purchased from the Pabst Laboratories and 
adenosine-3’-phosphoric acid from General Biochemicals, Inc. IMP 


10 pM AMP 
= 
ra) 
uJ 
— |5 
e 
? 10 pM ADP 
a. 
2 
4 
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Kia, 1, Rates of photophoaphorylation of AMP and of ADP by crude cell-free 
preparations in 0.2 m glyeyiglycine buffer, All veanela contained 9.0 mg. 
dry weight of protein and 21 pmoles of Py with 10 pmolen of AMP and ADP na shown, 
Final volume per veanel 2.5 ml.; optical dennity of auapennion 1.14 at KOO my. Initial 
pHi 7.3. Gana phaso per cent CO, in 


(crystalline), IDP, and ITP, as well as reduced DPN (free of hydrosulfite), 
were purchased from the Sigma Chemical Company. 


Results 


When cell-free preparations of R. rubrum are illuminated under anaerobic 
conditions in the presence of ADP and orthophosphate, the latter substance 
disappears and acid-labile phosphate is formed in equivalent amounts (6). 
The reaction proceeds equally well when the 5’ isomer of AMP is substi- 
tuted for ADP (Fig. 1), except that 2 umoles of P; disappear for each 
micromole of AMP added; the 3’ isomer of AMP is not phosphorylated by 
the system (Table I). The only requirements which thus far have been 
established for the crude system are the 5’ isomers of either AMP or ADP 
and orthophosphate. The additions of magnesium, DPN, succinate, etc., 


a Se 


| Experiment} 


f 


827 


A. W. FRENKEL 


are without appreciable effect on the initial rate of the phosphorylating 
reaction or on the total amount of ATP formed. Fluoride at a final con- 
centration of 0.01 m has little or no effect on the course of the reaction 
(Table I), although an active ATPase is present in the crude preparation. 
Attempts te characterize the ATP formed by the above preparations meet 
with some difficulty because the deproteinized crude preparation contains 


TABLE I 


Effect of Various Additions on Ability of Crude Preparations 
to Esterify Orthophosphate in Light 


Fs Initial rates of esterifi- Total amount of Pj 
& Additions ta pancles pH cation of Pj esterified in light 
—Aymoles Pj —Ayumoles Pj 
hrs. X mg. protein* vessel 
1 | None 7.5 1 0.7 in 30 min.t 
ADP, 10 7.5 2.9 9.8 “ 30 * ft 
2 10; KF, 30 7.5 3.0 
“ 10; 30; MgCly, 10 | 7.5 2.75 30% 8 “ 
succinate, 8 
3 | ADP, 10 7.3 3.0 14.1 “100 
AMP (5’), 10 7.3 3.6 19.7 
“ (5’), 10 7.4 3.6 8.2 2 
(5'), 10; KF, 30 7.4 4.1 * 
10; ATP (5’), 1.0 7.5 0.1 
Adenosine, 10; ATR (5’), 1.0 7.6 0.0  * 


Final volume per vessel gas phase helium, 

* Dry weight of protein, 

eaterihed over initial blank value, 

esterified over dark control value. 

§ The values for DP, esterified in the light, when measured against dark controls, 
are greater than the number of micromoles of ADP added because of the combined 
actions of adenylate kinase and of ATPase occurring in these preparations which 
bring about release of P, from ADP in the dark controls. 


a good deal of material absorbing at 260 my which cannot be separated 
from the added adenine nucleotides on Dowex 1 by the method of Cohn 
and Carter (20). As this interfering material can be removed entirely by 
differential centrifugation in the process of preparing the partially purified 
photophosphorylating system, ATP analyses can be carried out quite easily 
after the deproteinization of such preparations (Fig. 2, Table II). As can 
be seen, the phosphate analyses and the spectral characteristics of the pre- 
sumed ATP are in good agreement with the characteristics of crystalline 
ATP. 

Activity of Partially Purified Preparations—When a crude preparation 
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is sedimented two or three times at about 60,000 X g and resuspended in 
phosphate or glycylglycine buffer after each centrifugation, it will show 
little photophosphorylating activity with ADP and orthophosphate alone 
(Fig. 3) (6). The activity of the system is increased by the addition of 
magnesium (Fig. 4) and by the addition of a substance which most likely 
has to act as a reducing agent and which is required only in catalytic 


OIM. 0.003M .. 0.01 O.01IMHCI 
HCI 0.02MNaCl O.2MNcCl. 
1.2} 
TIME 


(AMP)m (ADP) (ATP) 
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hia, 2, Chromatographic analysis of products formed from ADP in the light and 
in the dark by partially purified preparations suspended in 0.55 mM potassium phos 
phate containing 4.2 mg. dry weight of protein per vessel with the following additions 
(in micromoles): ADP, MgC ly, 10.0; potassium succinate, 14. Final volume pet 
vessel 2 fo ml.) optienl density of suspension 24 at mya Initial pil 75. 
phase percent CO,in Ns. Duration of illumination 27 minutes, Preparations de 
proteinized with an equal volume of & per cent perchloric acid, neutralized, filtered, 
filtrate adaorbed on Dowex | and eluted at room temperature according to the method 
of Cohn and Carter (20). 


amounts. Geller and Lipmann® observed that succinate, lactate, and a 
number of other substances greatly increased the photophosphorylating 
activity. a-Ketoglutarate was first reported to give such an increased 
activity (6), although it remains to be determined whether the a-ketogluta- 
rate itself was responsible for this effect or whether traces of succinate pres- 
ent in the commercial preparations gave this result. Reduced DPN also 
is effective, whereas its oxidized form is not. The complete system (Fig. 
3) usually is as active as the crude preparation on the basis of chlorophyll 


3 Personal communication. 
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TaBLeE II 
1 in Spectral and Phosphate Analyses of Nucleotide Photophosphorylation 
10W Product of ADP Eluted from Dowez 1 Column (See Fig. 2) 
a pH 2 pH 7 
Spectral data, A in mp 
cely Dowex “ATP” | Crystalline | Dowex “ATP” | Crysta 
rtic fraction ATP (Pabst) fraction AT (Pabet) 
0.805 
0.82 
0.23 0.22 0.155 0.15 
0.17 
0.145 
Molar ratios of adenine to labile P to total P 
* Optical density. 
6} 
anid 
ir 
ona 
pet 
de a » | 
ed, 
hod 
20 30 40 
MINUTES 
la 
ing Fic. 3. The effect of added succinate and of DPN on the rate of photophosphory - 


sed lation and on the total amount of orthophosphate esterified by partially purified 
ta- preparations. Preparations suspended in 0.035 m potassium phosphate plus 0.015 m 
potassium bicarbonate. All vessels contained (in micromoles) ADP, 8.0; MgCl, 
am 10.0; with further additions as follows: @, none; X, DPN, 0.69; A, potassium succi- 
‘ nate, 0.5; O, potassium succinate, 0.5; DPN, 0.69. Final volume per vessel 2.5 ml.; 
Ag. optical density of suspension 1.4 at 800 my. Initial pH 8.0. Gas phase 5 per cent 
Co, in No. 


a 


MM Pj Esterified 
during initial 
20 Min. in light 


5.0,- 


4.0} 


3.0} 


2.0F 


1.0 
x 


O 2 4 6 8 10 
MM MgClo per VESSEL 


Fic. 4. The effect of magnesium on the initial rates of photophosphorylation by 
partially purified preparations. Suspending medium 0.2 m potassium glycylglycine. 
All vessels contained 1.2 mg. dry weight of protein and the following additions (in 
micromoles): ADP, 8.0; Pi, 8.8; DPNH, 1.1. Final volume per vessel 1.5 ml.; opti- 
cal density of suspension 1.05 at 800 my. Initial pH 7.5. Gas phase 5 per cent CO, 
in He. 


AMP, ESTERIFIED 
> 

x 


| OF 
QO 10 20 30 40 5O 
MINUTES 

Kia. 5. Photophosphorylation of ADP and of AMP by partially purified cell-free 
preparations suspended in 0.2 Mm potassium glyeylglycine. All vessels contained (in 
micromoles): P;, 10.0; MgCl», 10.0; potassium succinate, 0.5; 2.5 mg. dry weight of 
protein of the phosphorylating preparation; with further additions as follows: A, 
0.2 ml. of adenylate kinase preparation (obtained from the heat-treated supernatant 
fluid of a crude photophosphorylating preparation, which had been centrifuged for 
1 hour at 144,000 X g according to the method of Colowick and Kalckar (17)); O, 
AMP (5’), 5.0; ATP, 1.0; X, ADP, 8.0; @, AMP (5’), 5.0; ATP, 1.0; 0.2 ml. of ade- 
nylate kinase preparation (see above). Final volume per vessel 1.5 ml.; optical den- 
sity of suspension 1.3 at 800 my. Initial pH 7.5. Gas phase 5 per cent CO: in N2. 
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concentration but is 3 to 4 times as active on the basis of dry weight protein 
present (6). The highest rates observed thus far are close to 20 umoles 
of orthophosphate esterified per hour per mg. dry weight of protein. The 
complete system which phosphorylates ADP still is incapable of phos- 
phorylating AMP even in the presence of trace amounts of ATP (Fig. 5). 
The addition of a heated and dialyzed preparation, obtained from the 
supernatant solution after centrifuging a crude preparation at 144,000 X g 
for 1 hour, will restore the ability of the partially purified photolytic system 
to phosphorylate AMP (Fig. 5). The active component in the supernatant 
fluid can be precipitated with ammonium sulfate and behaves very much 
like the myokinase described by Colowick and Kalckar (17). These 
preparations will transform ADP into ATP and AMP, as can be demon- 
strated by chromatographic analysis and by the hexokinase reaction for 
ATP. Further characterization of the presumed adenylate kinase from 
this organism, reported already by Eisenberg (22), is in progress. 


DISCUSSION 


Kielley and Kielley (23) demonstrated that animal mitochondria carry- 
ing out oxidative phosphorylation in the presence of AMP never showed 
ADP in higher concentration than ATP, from which these investigators 
concluded that ADP was the primary acceptor of high energy phosphate 
in this system. In the photophosphorylating system described here a 
rather clear-cut demonstration can be made that ADP is the primary ac- 
ceptor of high energy phosphate among the adenine nucleotides tested. 
AMP can act as an acceptor only when ATP plus a soluble enzyme fraction, 
presumably an adenylate kinase, is added to a washed preparation of the 
photophosphorylating fraction. Work in progress, furthermore, indicates 
that the photophosphorylating system may not be specific in its require- 
ment for ADP. Orthophosphate is actively esterified by purified prepara- 
tions in the presence of inosine diphosphate in the light without any added 
ATP. Phosphorylation does not occur, however, in the presence of ino- 
ainic acid with crude or partially purified preparations, even when, in addi- 
tion to IMP, the preparations are supplied with trace amounts of ITP or 
of ATP. 

The material actively carrying out photophosphorylation roughly cor- 
responds in its sedimentation characteristics to the “chromatophores” 
which were isolated from R. rubrum by Schachman et al, (21). It is an- 
ticipated that a detailed study of the photophosphorylating material will 
establish this correspondence more definitely. It is of interest that the 
purification of the above system brings about an increased activity per 
unit dry weight of protein, yet it does not appreciably alter its activity 
based on chlorophy]! concentration (6), which may indicate a close associa- 
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tion of the phosphorylating system with the photochemical system. Ef. 
forts will be made to ascertain whether the two systems can be separated 
and recombined into a photophosphorylating preparation. 

The nature of the requirement of the purified system for small amounts 
of succinate, or for certain organic acids,’ or for traces of reduced DPN is 
quite puzzling. The réle of these additions is most likely a catalytic one, 
possibly of a sparking nature as indicated in Fig. 6. Such sparking action 
may be visualized as follows: It is presumed that as a result of the primary 
photochemical act oxidizing (OH) and reducing (H) substances are formed 
(24). These substances, as circumstances permit, will react in at least 
three different ways: (a) they may back-react with each other without 


H,O 
hv 
(H) 
CH 
ADP 
C 
H,0 


ATP 
Fic. 6. Schematic representation of phosphorylation linked to a photochemical 
process in bacterial extracts (cf. (25)). (H), photochemically produced reductant; 
(OH), photochemically produced oxidant; C and CH, oxidized and reduced inter- 
mediate carriers, respectively ; AH, exogenous electron donor (sparking agent), which 


reduces C to CH in the dark; [P], phosphorylating system. 


oxidizing or reducing any other substance and without bringing about phos- 
phorylation, or (b) they may interact with a hydrogen or electron carrier 
system (C, CH) which may or may not be similar to the one proposed by 
Arnon (25), and which in turn can be coupled to a phosphorylating system, 
or (c) photosynthesis may occur (in intact organisms) leading to the re- 
duction of COs, and to the oxidation of exogenous reducing agents (8) and 
in which reaction (b) may well participate (13, 25). It is postulated that 
the sparking action of the substances mentioned above lies in their ability 
to reduce one or more components of the carrier system suggested under 
(b). The carrier system is now capable of reacting with the rather short 
lived photochemical oxidant initiating the flow of hydrogen or of electrons 
through system (b). The photochemical reductant which is assumed to 
be longer lived than the oxidant will act as final electron donor, restoring 
the intermediate carrier system to a reduced condition and thus perpetuat- 
ing the electron flow through the carrier system as long as illumination con- 
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tinues, and as long as side reactions do not bring about an oxidation and 
inactivation of this system. At which point or points in the presumed 
cycle phosphorylation takes place is a problem requiring elucidation. 


SUMMARY 


1. Crude, cell-free preparations of Rhodospirillum rubrum, when illumi- 
nated in the presence of orthophosphate, will transform the 5’ isomers of 
adenosine monophosphate (AMP) and adenosine diphosphate (ADP) al- 
most quantitatively into adenosine triphosphate (ATP). The ATP thus 
formed has been isolated and characterized. The 3’ isomer of adenylic 
acid is not phosphorylated by this system. 

2. Partially purified preparations of the photophosphorylating system 
readily transform ADP into ATP in the presence of added succinate or 
reduced diphosphopyridine nucleotide and magnesium. AMP isnot trans- 
formed by this system, even in the presence of trace amounts of ATP. 
The addition of a partially purified enzyme fraction, presumably an ade- 
nylate kinase, and of a trace of ATP restores the ability of the partially 
purified photophosphorylating system to transform AMP into ATP. 

3. The 5’ isomer of ADP thus may be considered as a primary acceptor 
of high energy phosphate which is formed in some as yet unknown way as 
a result of a photochemical reaction. 
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QUANTITATIVE STUDIES ON HUMAN URINARY 
METABOLITES OF p-, ACETYL-t-, AND 
ACETYL-p-TRY PTOPHAN * 


By J. M. PRICET anp R. R. BROWN 


(From the Cancer Research Hospital, Medical School, University of 
Wisconsin, Madison, Wisconsin) 


(Received for publication, March 7, 1956) 


The metabolism of p-tryptophan in man was recently studied by Lang- 
ner and Berg (1), who found that about one-third to one-half of a 2 gm. dose 
was excreted unchanged in the urine. Considerable p-kynurenine and 
traces of indolepyruvic acid and acetyltryptophan were also excreted by 
their subjects. Langner and Volkmann (2) found that acetyl-p-trypto- 
phan was poorly absorbed and most of the compound was accounted for in 
the feces and urine. Only 5 to 10 per cent of acetyl-L-tryptophan was found 
in the stool, and a small amount was excreted in the urine. Rose, Coon, 
Lambert, and Howe (3) have found that acetyl-L-tryptophan was essen- 
tially as good as L-tryptophan in the maintenance of nitrogen balance in 
human subjects who were deprived of tryptophan. Other studies in this 
field have been cited in these recent publications (1-3). 

Methods for the quantitative determination of several metabolites of 
tryptophan have recently been developed and applied in studies on the 
urinary metabolites of L-tryptophan in man and other species (4,5). These 
determinations included kynurenine, N*-acetylkynurenine, o-aminohip- 
puric acid, anthranilic acid, anthranilic acid glucuronide, kynurenic acid, 
N-methy]-2-pyridone-5-carboxamide (pyridone), and some related com- 
pounds. Similar studies have now been carried out with the urinary metab- 
olites of p-, DL-, acetyl-L-, and acetyl-p-tryptophan in man. 

Ingestion of acetyl-p-tryptophan failed to alter the urinary excretion of 
the metabolites studied. The total yield of metabolites from acetyl-L- 
tryptophan and p-tryptophan was about 50 per cent less and 50 per cent 
more, respectively, than the yield of metabolites from a comparable dose of 
L-tryptophan. The yield of metabolites from 19.6 mmoles of pL-trypto- 
phan was close to that expected from the same amount of the amino acid 
administered as separate doses of the p and L isomers. ‘This suggested that 


* Supported in part by grants from the American Cancer Society upon recommen- 
dation of the Committee on Growth of the National Research Council, from the 
American Cancer Society institutional grant No. 71A, and the Wisconsin Division 
of the American Cancer Society. 

t Scholar in cancer research of the American Cancer Society. 
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simultaneous metabolism of this dose of p- and L-tryptophan had little, if 
any, effect on the metabolism of either isomer. 


Materials and Methods 


The p-tryptophan used in these experiments had an optical rotation of 
[a]? +30.5° (c = 0.5 gm. per 100 ml. of solution in water). The acetyl- 
L-tryptophan was prepared from .L-tryptophan ({a]? —31.2°) by the 
method of du Vigneaud and Sealock (6), and the pL-tryptophan was sup- 
plied by Merck and Company.! 

The four subjects used were normal male laboratory personnel, three of 
whom were utilized in previous studies on L-tryptophan (5). The supple- 
ments were administered as a single oral dose suspended in water. The 
urine collections, analytical methods, and other experimental details have 
been described (4, 5). 

Paper chromatograms were carried out on the effluents from the Dowex 
50 columns which were used to separate the aromatic amines. Aliquots of 
the fractions (15 ml.) were concentrated to dryness in a vacuum desiccator 
over CaCle and NaOH. The residue was dissolved in a few drops of 50 per 
cent alcohol and spotted on Whatman No. 1 filter paper. After being ex- 
posed to ammonia, the chromatograms were developed as described by 
Mason and Berg (7), except that the solvent contained 1 ml. of glacial acetic 
acid per 100 ml. (5). The papers were routinely sprayed with diazotized 
sulfanilic acid and Ekman’s reagent for diazotizable aromatic amines by 
the procedures described by Dalgliesh (8). 


Results. 


The administration of acetyl-p-tryptophan failed to alter the urinary 
excretion of any of the metabolites studied so that the data were not in- 
cluded in Table I. 

Ingestion of p-tryptophan resulted in a large increase in kynurenine ex- 
cretion, with smaller increases in urinary kynurenic acid, N*-acetylkynu- 
renine, xanthurenic acid, and pyridone (Table 1). There was a negligible 
change in the excretion of anthranilic acid glucuronide, o-aminohippuric 
acid, and aromatic amine Fraction A after administration of D-tryptophan. 
Paper chromatograms of the aromatic amine fractions, developed under 
conditions which resolved pi-kynurenine (8, 9), indicated that most of the 
urinary kynurenine after ingestion of p-tryptophan was identical in R, 
value with synthetic p-kynurenine. Ingestion of p-tryptophan failed to 
affect the intensities of the spots corresponding to L-kynurenine or N*- 
acetylkynurenine, and no anthranilic acid was detected on the chromato- 


1 Generously supplied to us by the Medical Division of Merck and Company, Inc., 
Rahway, New Jersey. 
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grams either before or after supplementation with the unnatural amino 
acid. Furthermore, the determinations of kynurenine as steam-volatile 
diazotizable amine in the kynurenine fractions (5) were in good agreement 
with the determinations based on direct diazotization of the kynurenine 
fractions, while the yields of volatile amine from the acetylkynurenine frac- 
tions were too low to account for the increases in aromatic amine found in 


TABLE I 
Urinary Excretion of Metabolites before and after Administration 
of D-, DL-, and Acetyl-.-tryptophan to Human Subjects 
The data have been expressed as micromoles excreted per 24 hours and have been 
corrected for recoveries of added standards. Four subjects were used for each sup- 
plement and the average results have been presented. The supplement was admin- 
istered upon completion of the 2nd day of urine collection. 


»wmoles excreted in urine per day* 


Supplement Rey 
At AAGt | oAH | AcK K KA | XA | MPCA 
p-Tryptophan 1 50 6 | 28} 14 / 14] 14] 71 | 124 
2 44 6 | 27} 16; 13} 14 | 66 | 128 
9.8; 3 38 7 | 31 | 34 | 176} 25 | 96 | 143 
4 42 6 32 | 15 27 | 17 | 87 | 179 
Acetyl-L-try ptophan 1 54 5 26 | 14 15 | 14 | 74 | 1389 
2 76 7 | 29} 16 | 12} 16 | 70 | 145 
3 | 106] 12 | 44! 29 | 27 | 77 | 157 
4 101 8 31 14 12 | 18 | 74 | 152 
pL-Tryptophan 1 52 5 | 28 | 14 14; 16 | 82 | 137 
2 52 5 | 29 | 13 | 14] 15 | 69 | 136 
19.6 3 58 9 | 48 | 34 | 224 | 64 |119 | 200 
4 60 5 28 | 16 28 | 17 | 71 | 187 


* The following abbreviations are used: A, aromatic amine Fraction A; AAG, 
anthranilic acid glucuronide; oAH, o-aminohippuric acid; AcK, acetylkynurenine; 
K, kynurenine; KA, kynurenic acid; XA, xanthurenic acid; MPCA, N-methy]-2- 
pyridone-5-carboxamide. 

t Calculated as anthranilic acid. 


these fractions on direct diazotization. Since the paper chromatograms 
indicated the presence of large amounts of tryptophan in both the kynu- 
renine and acetylkynurenine fractions, tryptophan was suspected as the 
main source of the increases in the diazotizable amine in the acetylkynu- 


_ Tfenine fractions. The addition of 1.0 gm. of p-tryptophan to normal 24 


hour basal urines resulted in increases in the diazotizable aromatic amine 
in the acetylkynurenine fractions of magnitudes similar to those observed 
after the ingestion of 2.0 gm. of p-tryptophan.2?, The added p-tryptophan 


? Brown, R. R., and Price, J. M., unpublished data. 


| 
of 
5 
e 
p- 
of 
he 
of 
or 
| 
n- 
X- 
le 
ic 
n. 
e 


838 TRYPTOPHAN METABOLISM 


increased the diazotizable amine in the kynurenine fractions to an extent 
which would account for less than 10 per cent of the increase in diazotizable 
aromatic amine in the kynurenine fractions after ingestion of the supple- 


TABLE II 


Comparison of Increased Urinary Excretion of Metabolites Following 
Administration of Various Tryptophan Supplements 


The data were calculated by subtracting the average basal excretion of the me- 
tabolite from the values obtained for the first 2 days after supplementation. Col- 
umn 6 (the sum of Columns 1 and 2) may be regarded as the ‘‘expected yield” of 
metabolites from 19.6 mmoles of pL-tryptophan, while Column 5 represents the 
‘‘observed yield.’? The data for the 9.8 and 19.6 mmole doses of L-tryptophan were 
taken from Brown and Price (5), but the calculations included 2 days before and 2 
days after supplementation. 


umoles increase of urinary metabolites 
after administration of 


Metabolite 9.8 mmoles 19.6 mmoles Fo hd 
1 and 2 
-T T Acetyl- T 
(1) (2) (3) (4) (S) (6) 

Amine Fraction A.................. —14 —4 77 8 14 —18 
Anthranilic acid glucuronide........ 1 3 8 8 4 4 
o-Aminohippuric acid............... 7 23 19 57 18 30 
Acetylkynurenine................... 19* 4 13 47 22* 23 
175 18 2 105 224 193 
Kynurenic acid..................... 14 50 15 120 49 64 
Xanthurenic acid................... 45 11 7 28 38 56 
331 212 89 597 468 543 


* The presence of large amounts of p-tryptophan in these fractions interfered 
with the determination of acetylkynurenine which resulted in high readings. Paper 
chromatograms of these fractions indicated that p-tryptophan did not give rise to 
acetylkynurenine. 

t Does not include amine Fraction A. 


ments of p-tryptophan. Thus the apparent increases in urinary acetyl- 
kynurenine after administration of p-tryptophan (‘Tables I and II) were 
not attributable to acetylkynurenine (or anthranilic acid), but were proba- 
bly due to interference in the determinations by the p-tryptophan (1), while 
the p-tryptophan in the urine had a negligible effect on the determination 
of the relatively high levels of kynurenine found. 

Acetyl-1-tryptophan ingestion was followed by slight increases in urinary 
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levels of all the metabolites studied (Table I). The largest increases were 
in the excretion of the pyridone, o-aminohippuric acid, kynurenic acid, 
N-acetylkynurenine, and the diazotizable amine in Fraction A. Supple- 
mentation with acetyl-L-tryptophan had almost no effect on kynurenine 
excretion. Paper chromatography of the fractions of these urine samples 
did not reveal additional information. 

The ingestion of 19.6 mmoles of pL-tryptophan was followed by the ex- 
cretion of a pattern of urinary metabolites expected from the data obtained 
after giving 9.8 mmoles of each isomer separately (Tables I and II). Kynu- 
renine was the chief urinary metabolite of pL-tryptophan and paper chro- 
matograms indicated that most of the increase was in p-kynurenine. The 
increase in the excretion of the various metabolites of pL-tryptophan re- 
sulted in a pattern of metabolites quite different from that observed after 
administration of 19.6 mmoles of L-tryptophan (Table IT). 

Paper chromatography of the various aromatic amine fractions revealed 
only questionable traces of anthranilic acid, and anthranilic acid glucu- 
ronide usually was not detectable. The paper chromatograms of Fraction 
A usually were unsatisfactory, and no clearly defined spots were seen on in- 
spection with ultraviolet light or after spraying the paper with the reagents. 

A comparison of the levels of urinary excretion of the various metabolites 
prior to the administration of each of the three supplements (Table I) in- 
dicated that there was little variation in the basal levels of excretion of 
these metabolites. 


DISCUSSION 


Rose et al. (3) found that acetyl-p-tryptophan was not utilized by adult 
humans. Langner and Volkmann (2) showed that acetyl-p-tryptophan 
was poorly absorbed and most of an oral dose was eliminated unchanged in 
the urine and stool. Since acetyl-p-tryptophan did not alter the urinary 
excretion of any of the metabolites determined in the present studies, it 
would appear that it is metabolically inert in man. 

Acetyl-L-tryptophan was found by Rose et al. (3) to be as good as the 
free amino acid for maintenance of nitrogen balance on a diet deficient in 
tryptophan, and Langner and Volkmann (2) found only 5 to 10 per cent of 
an oral dose of 10.0 mmoles of acetyl-L-tryptophan in the stool. The pres- 
ent studies indicated that acetyl-L-tryptophan was partially converted to 
nicotinic acid, but to a lesser extent than an equivalent dose of free L-tryp- 
tophan. ‘The fact that acetyl-L-tryptophan evidently was largely absorbed, 
but yielded low levels of most of the metabolites studied, supports the hy- 
pothesis of Langner and Volkmann (2) that there may be an enzymatic 
mechanism for the absorption of the acetylated amino acid, If the amino 
acid was deacetylated prior to or during absorption, one would expect it to 
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be metabolized like the free amino acid, The fact that acetyl-L-trypto. 
phan was the only supplement studied which yielded more acetyl kynurenin 
than kynurenine (‘Table I1) may be regarded as further support for the 
hypothesis of Langner and Volkmann (2). However, as Langner and 
Volkmann have indicated, other explanations of these observations must 
still be considered. 

Acetyl-L-tryptophan was the only supplement which resulted in a gig 
nificant increase in the diazotizable aromatic amine in Fraction A (Ts. 
ble II). Attempts to identify the amine in this fraction have been unsue. 
cessful. The other diazotizable amines detectable in human urine haye 
been found to be tryptophan metabolites (5). It now appears possible 
that acetyl-L-tryptophan may be a precursor of at least part of the aromatic 
amine in Fraction A. 

The quantity of kynurenine excreted after ingestion of 9.8 mmoles of 
p-tryptophan was enough to account for about 1.8 per cent of the amino 
acid. This was considerably less kynurenine than Langner and Berg (1) 
obtained from the same dose of this amino acid. In agreement with them, 
however, the increase in kynurenine appeared to be the result of the ex- 
cretion of the p-isomer. The present studies also confirmed their findings 
that no detectable anthranilic acid was excreted following ingestion 


of p-tryptophan (1). This amino acid also had a negligible effect upon the | 


excretion of o-aminohippuric acid and anthranilic acid glucuronide. 

The addition of p-tryptophan to normal urine in amounts equal to 05 
to 1.0 gm. per 24 hour sample had no effect on the determination of kynu- 
renic acid.2 Since the spectrum of the kynurenic acid fraction was com- 
parable to the synthetic compound, and an increase in urinary kynurenic 
acid was observed after each supplementation with p-tryptophan, it ap- 
pears that kynurenic acid was a metabolite of the amino acid. Langner 
and Berg (1) found that after supplementation with p-tryptophan in man 
there was an increase in urinary indolepyruvic acid. This metabolite was 
shown to give rise to kynurenic acid in rabbits (10) and rats (11); therefore, 
it may be a precursor of kynurenic acid in man. The method used for 
xanthurenic acid determination gave somewhat variable results when low 
levels of the metabolite were present (5, 12), so that an apparent small 
increase in the excretion of this metabolite must be considered with some 
reservation. | 

It was difficult to account for the increased pyridone excretion after in- 


gestion of p-tryptophan, each subject excreting more pyridone on both days | 
after supplementation with the unnatural amino acid. One of the reasons | 


for studying the urinary metabolites of pL-tryptophan was to attempt to 


determine whether the p-tryptophan supplement might have altered the 
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metabolism of dietary tryptophan. It was anticipated that the yield of 
pyridone might be large, but the apparent yield of pyridone from pL-tryp- 
tophan could almost be accounted for by the L-tryptophan content. It 
may be necessary to use isotopes to determine whether orally administered 
p-tryptophan is actually converted to nicotinic acid. 

Apparently p- and L-tryptophan were metabolized simultaneously by 
man in the dosage used without significant effects of the metabolites of 
one isomer on the metabolic fates of metabolites of the other. However, 
the extreme differences in the patterns of urinary metabolites from the two 
isomers would make it difficult to interpret data obtained from studies in 
which pL-tryptophan was used. 


SUMMARY 


Human subjects were given single oral doses of 9.8 mmoles of D-, acetyl- 
L- or acetyl-p-tryptophan, and 19.6 mmoles (4 gm.) of pL-tryptophan. 
Aliquots of the 24 hour urine collections for 2 days before and after sup- 
plementation were analyzed quantitatively for N-methyl-2-pyridone-5-car- 
boxamide (pyridone), xanthurenic acid, kynurenic acid, kynurenine, 
N-acetylkynurenine, o-aminohippuric acid, anthranilic acid glucuronide, 
and an unidentified “aromatic amine Fraction A.’”? Kynurenine was the 
major urinary metabolite of p- or pL-tryptophan. Following ingestion of 
p-tryptophan there was also increased urinary excretion of kynurenic acid, 


- xanthurenic acid, and pyridone. Acetyl-p-tryptophan failed to alter the 


excretion of any of the metabolites studied. The total increase of urinary 
metabolites from acetyl-L-tryptophan was less than half the yield of me- 
tabolites from a comparable dose of the free amino aeid. Most of the 
kynurenine excreted upon ingestion of acetyl-L-tryptophan was acetylated. 


_ These observations indicate that acetyl-L-tryptophan was converted to 


nicotinic acid to a lesser extent than was L-tryptophan, and suggest that 
acetyl-L-tryptophan was absorbed without deacetylation. 


The authors wish to thank Mrs. Marian Prahl, Mrs. Mary Bryan, and 
Mrs. Masako Kaihara for valuable assistance with the analyses. 
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The glycoside phlorizin has been of interest ever since von Mering dis- 
covered that its administration causes a profuse glycosuria (1). The 
demonstration that phlorizin produces this effect by the complete inhibi- 
tion of glucose reabsorption in the tubule (2, 3) has posed investigators 
with the problem of explaining its mechanism of action. An understand- 
ing of the nature of phlorizin inhibition of transport has wider physiological 
implications because it would be the key to the nature of the transport 
process itself. 

Because the transport of substances across cells, often against osmotic 
and chemical gradients, requires the expenditure of energy by the cell, 
in any complete explanation of the mechanism of a transport inhibitor 
like phlorizin a study of its effect on the energy metabolism of the cell 
must be carried out. For this reason, the present experiments were per- 
formed, the purpose of this paper being to present some studies of the ef- 


- fect of phlorizin on the intermediary metabolism of kidney cortex and to 


discuss the results in relation to the phlorizin inhibition of transport. 


Methods 


Experiments were performed on homogenates of cortex of guinea pig 


_ kidney, freed from endogenous substrate by centrifugation and fortified 
_ with magnesium ions, adenosine triphosphate (ATP), and specific sub- 


strate. Studies in microrespiration were carried out in the Warburg ap- 


_ paratus at 37° in an atmosphere of 100 per cent oxygen, the period of 


incubation being 45 minutes. 
After a blow on the head, the guinea pig was exsanguinated. The kid- 


~ heys were quickly removed, demedullated, and weighed, and then homog- 
~ enized in a Potter-Elvehjem apparatus with about 30 ml. of iced 1 per cent 
~ KCl. The homogenate was then centrifuged for 1 hour at 6000 r.p.m. 


in the cold in a Servall angle head centrifuge. The supernatant fluid was 


: poured off and the tissue again suspended and homogenized in iced 0.1 


'  *Supported by a grant from the Life Insurance Medical Research Fund of New 
York. 
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mM phosphate buffer, pH 7.4, in 0.9 per cent KCl. ‘The volume of the ho. 
mogenate was adjusted to give a final tissue concentration of LOO mg, pe 
mi,, and 2 ml, were added to each flask, which had been previously chilled 
and charged with magnesum, ATV, substrate, and phlorizin, 
water was added to give a final volume of ml, Without added 
alrate, these homogenates had casentially no reapitation as a reaull, of the 
washing and centrifuging procedure, therefore, the oxygen consumption 
recorded below are the result of the specific substrate added, 

At the end of the 45 minute incubation period, the flasks were placed 
in cracked ice and 2 ml. of 25 per cent trichloroacetic acid were added 
quickly. Citrate was determined on the tissue filtrates by the method 
of Pucher, Sherman, and Vickery (4), as modified by Buffa and Peters (5) 
and the citrate utilized was the net difference between the amount added 
and the amount found at the end of 45 minutes (this quantity is referred 
to as Qeitrate). Qo, consists of the microliters of O2 consumed per flask 
per hour, each flask containing approximately 200 mg. of tissue. 


Results 


Inhibition of Citrate Oxidation by Phlorizin—In Table I are presented | 
the results of an experiment in which phlorizin, in a concentration o | 


5 X 10-* mM, caused a marked decrease in the oxidation of citrate. The 


fall in Qo, from 1050 to 405 was accompanied by a parallel drop in Quin, | 


from the control rate of 24.0 to the inhibited rate of 13.9. The relation. 


ship between concentration of phlorizin and inhibition of citrate oxidation | 
is shown in Fig. 1. It is evident that the inhibition begins at a phlorizin | 
concentration of about 1 X 10~* m and becomes nearly maximal, witha | 
50 per cent inhibition, at a concentration of 1 X 10-?m. These finding | 
(Table I and Fig. 1) are in essential agreement with those reported for | 


rat kidney mince by Shapiro (6). 


Inhibition of Oxidation of Other Substrates of Tricarboxylic Acid Cyck © 


by Phlorizin—As an extension of these findings with citrate, it was decided 


to examine the effect of phlorizin, in a concentration of 5 X 10-4 M, on the © 
oxidation of equimolar concentrations of each of the other intermediates © 
of the tricarboxylic acid cycle. Accordingly experiments were performed | 
which measured Qo, with the sodium salts of pyruvate, citrate, a-keto | 
glutarate, succinate, fumarate, L-malate, and oxalacetate, over a 30 minute © 
period, during which time the rate of oxygen consumption was constant. | 
50 umoles of substrate were used in each experiment, the results of which ” 
are presented in Table II. It is evident that phlorizin caused an inhibition — 
in the oxidation of each of these other substrates of the tricarboxylic acid - 
cycle. Since, in each case, the oxygen consumption was essentially zero ~ 
without added substrate, it can be assumed that the oxygen consumption ~ 


q 
PI 
of 
20 
vo 
in 
ta 
hai 
p 
Cll 
of 
fer 
th 


W. D. LOTSPEICH AND D. M. KELLER 845 


values recorded here are the result of the oxidation of the specific substrate 
added, and therefore that the phlorizin has acted on the oxidation of that 
particular substrate in each separate instance, ‘Thus the effects of phlo- 
rivin on renal metabolism, at least in the washed homogenate, appear to 


‘Tanin 


Kiffect of Phlorizin on Citrate Oxidation of Washed Homogenate of 
Guinea Pig Kidney Corter 


Citrate oxidation 


Experimental condition 
V0 Ocitrate 


Phlorizin 5 X M........ 405 13.9 


nm > nn 
o 


CITRATE UTILIZATION 


PER CENT INHIBITION 


CONCENTRATION OF PHLORIZIN (10-* MOLAR) 
Fic. 1. The relationship between phlorizin concentration and per cent inhibition 


of citrate utilization by guinea pig kidney cortex. The reaction mixture consisted 
- of MgCl. 4.1 umoles, citrate 50 umoles, and phlorizin, to the concentration shown, 


and was dissolved in hot water and neutralized. 2.0 ml. of homogenate containing 
200 mg. of tissue in 0.1 m phosphate buffer, pH 7.4, containing 0.154 m KCl. Final 


_ volume, 3.0 ml.; gas phase 100 per cent oxygen. 


' involve some cellular site which affects the whole system of oxidative me- 
tabolism. 


Effect of Other Substrates of Tricarboxylic Acid Cycle on Phlorizin In- 


_ hibition of Citrate Metabolism—lIn his paper, Shapiro (6) postulated that 
. phlorizin specifically produces an inhibition in the dehydrogenation of 
- citrate in kidney tissue with a consequent defect in the phosphorylation 
' of creatine. He further reported that succinate oxidation was not af- 

fected by phlorizin, thus placing the phlorizin block above succinate in 
_ the chain of biological oxidations. Indeed, Shapiro found that, when suc- 
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cinate was added to the phlorizin-treated kidney mince, oxidative metabo. 
lism and the phosphorylation of creatine were restored to control values 

In view of the more general effects of phlorizin on oxidative metabolign 
observed here, it was decided to investigate further this effect of succinat 
and the other cycle intermediates on the phlorizin inhibition of citray 
oxidation, Accordingly, the following experiments were carried out 
In each experiment phlorizin concentration was 107-4 and 50 umole 
of citrate and prioles of the second substrate were added, ‘The reauly 
of such experiments appear graphically in Pig. 2. Tn these data the 
control rate of citrate oxidation ia given a value of LOO per cent in ead 
experiment and is so represented in the first bar of each group, Tn th 
presence of phlorizin and the second substrate plus phlorizin, the citrate 


Tarie 


Inhibition of Oxidation of Each of Substrates of Tricarborylic Cycle by Phlorizin 
& & 10°4* mw Washed Homogenate of Guinea Pig Kidney Cortez 


PERCENT OF CONTROL 
RATE OF CITRATE UTYLIZATION 


Oxygen consumption 
Substrate 
Control Phlorizin 5 
ey 192 95 I 
a-Ketoglutarate............ 883 589 Phi 
1555 1049 ‘Int 
Fumarate..... 1480 992 


oxidation is represented as per cent of control rates of citrate utilization 
in the second and third bars, respectively. In none of the experiment? 
did the second substrate cause a significant change in control rate of ci 
rate oxidation in the absence of phlorizin. However, in the presence i= 
phlorizin there was a dramatic effect. Rather than reversing the phlonm™ 
inhibition of citrate oxidation, the second substrate here actually potent: 
ated the inhibition in the cases of succinate, a-ketoglutarate, fumarate | 
and oxalacetate. u-Malate appeared to be without effect. 

That this potentiation of the phlorizin inhibition depends on the cor? 
centration of the second substrate is illustrated in Fig. 3, in which succinate 
was studied. 50 umoles of citrate were present in each flask and phlorim” 
concentration was kept constant at 5 X 10-*m. As the quantity of suc” 
cinate was increased in the presence of phlorizin, the inhibition of citrat? 
oxidation became proportionately greater. This same relationship W Fi 
found also when a-ketoglutarate or fumarate was the second substrate. — by p 


| 
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a KETO 
GLUTARATE SUCCINATE FUMARATE L MALATE OXALACE TATE 
100 - 
90 
le 80- 
it ak 
On 70+ 
50° 
be 
40“ 
He 
30- 
| GC PHLPHL C PHLPHL C PHLPHL C PHL PHL PHL 
: INT INT INT INT INT 
Fic. 2. Experiments illustrating the way in which a second substrate potentiates 
the inhibition of citrate oxidation by phlorizin. Conditions as described previously. 
- Phlorizin 5 X 10-4 mM; second substrate 20 uwmoles. Phl = phlorizin; C = citrate; 
‘Int = inhibited. 
— fe CITRATE UTILIZED (uM/45 MIN) 
ti 4 
CONTROL 
PHLORIZIN 
PHLORIZIN & SUCCINATE 
te, 10 yMOLES 
PHLORIZIN & SUCCINATE 
20 w MOLES 
PHLORIZIN & SUCCINATE 
30 4 MOLES 
PHLORIZIN & SUCCINATE 
SO yw MOLES 


Fic. 3. Effect of succinate concentration on the inhibition of citrate oxidation 
~ by phlorizin 5 X 10-4 mt. Conditions the same as previously. 
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Thus in the washed and fortified homogenate, succinate and seven 
other substrates actually enhance, rather than reverse, the phlorizin jp. 
hibition of citrate oxidation. We do not at the present have an adequat 
explanation of this potentiating effect of the second substrate on phlorizi, 
inhibition. 

Experiments Leading to Hypothesis Concerning Site of Action of Phloriziy 
—The observation that phlorizin inhibits the oxidation of pyruvate an 
each of the intermediates of aerobic metabolism suggested two possibk 
sites of this inhibitory action, either (1) those reactions leading fron 
pyruvate to acetate, its activation, and condensation to citrate, or (2) the 
electron carrier system that transports substrate hydrogen to moleculy 
oxygen, Each of these two possibilities was then explored, 

Is Site of Action of Phlorizin on Activation of 2-Carbon Fragment ani 
Syntheats of Crtrate?-—- 10 in well known that fluoroacetate causes a profound 
block in oxidative metaboliam (6), ‘This imbibition im quite specific ani 
resulta from the activation and conversion of fluoroacetate to fuorocitrat, 
which then strongly inhibits the enzyme aconitase (7). Tn the presen 
of fluoroacetate or fluorocitrate in vitro or in vivo, there is apparently no 


defect in 2-carbon condensation to citrate, and this substance accumulate | 


in large amounts behind the aconitase block in poisoned tissues, 
It was decided to take advantage of this “trapping” of citrate which 
occurs after fluoroacetate to see whether phlorizin would affect any of the 


ATP-requiring activation and condensation steps leading from pyruvate F 


to a 2-carbon fragment and then to citrate synthesis. If phlorizin were to 
affect any of these steps, its presence in the system should alter the quan 
tity of citrate accumulated in the fluoroacetate-poisoned tissue. Accord: 
ingly homogenates were allowed to respire in the presence of sodium fluoro 
acetate and phlorizin. Pyruvate and fumarate were used as substrate 
and “sparker.’’ At the end of 45 minutes the reaction was stopped wit 
trichloroacetic acid and the amount of citrate determined (Fig. 4). 
The control homogenate accumulated 0.419 ywmole of citrate. In th 


next three bars is represented the citrate which accumulated when phloria © 
and fluoroacetate were added together in three different time sequent > 


combinations; 7.e., preincubation of homogenate with fluoroacetate {a 
10 minutes, then phlorizin added from the side arm; next preincubatio 
with phlorizin prior to fluoroacetate; and finally preincubation with both 
present. In all cases, as in the last three bars, the accumulation of at 


rate after fluoroacetate was essentially the same, and the phlorizin, my | 
matter when added, had no effect on the rate of citrate synthesis. Thi) ! 
it would appear that phlorizin does not inhibit any of the steps lead) 


from pyruvate to acetate, and its activation and condensation to citrate 


Is Site of Action of Phlorizin in Electron Carrier System?—Any inhib-¥ 
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tion in this system, either of electron transport or coupled phosphorylation, 
would cause a depression of oxidative metabolism in tissues. On the 
hypothesis that phlorizin might inhibit the normal phosphate acceptor 
that functions with electron transport, preliminary studies were carried 
out on the inhibition of oxidation by phlorizin in the presence of increasing 
amounts of ATP. It was reasoned that the addition of excess ATP to 
the homogenate poisoned with phlorizin might bypass the block and 
furnish sufficient uninhibited phosphate acceptor to allow normal oxidation 
to proceed. ‘These experiments revealed that such was the case. With 


GC CONTROL 
FLUOROACE TATE 


THEN PHLORIZIN 

PHLORIZIN THEN 

FLUOROACE TATE 
PAF * PHLORIZIN AND 
FLUOROACE TATE 


PRESENT TOGETHER 


CITRATE PRESENT (uM/SO0TTLE} 
= 


GC F+P P+F 


Fic. 4. The effect of phlorizin on synthesis of citrate from pyruvate and fumarate 
in the fluoroacetate-poisoned homogenate. The reaction mixture consisted of so- 
dium fluoroacetate 1.4 X 107-3 M, sodium pyruvate 0.016 m, sodium fumarate 0.003 
uw. Other conditions as previously described. 


excess ATP, phlorizin, in usually inhibitory concentrations, was now with- | 
out effect on the oxidation of the intermediates of the aerobic cycle. 

In an experiment illustrating this effect and its dependence on the amount 
of ATP added in excess (Table III), citrate was the substrate. 1.8 umoles 
of ATP were found to support maximal citrate oxidation in this prepara- 
tion and, at this level of ATP, phlorizin, 5 X 10-4 mM, was markedly in- 
hibitory. As the ATP was increased to 3.6 umoles, the phlorizin was less 


© inhibitory, and at levels of ATP of 9.0 umoles or above phlorizin had no 
» inhibitory effect at all. 


Reversal of Phlorizin Inhibition of Citrate Oxidation by Adenine Nucleo- 


| tides—The evidence now at hand indicates that adenosine diphosphate 


(ADP) is the more specific phosphate acceptor in maintaining the respira- 
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tion rate and the steady state of reduced diphosphopyridine nucleotide 
(DPNH) in the electron carrier chain of mitochondria (8, 9). ATP seems 
to serve this function only as a result of its conversion to ADP (9). Adeny. 
lic acid (AMP), on the other hand, appears to be less effective as a phos. 
phate acceptor. Presumably its ability to support respiration depends on 
its ability to be phosphorylated to ADP. Therefore it was decided to 
compare these three adenine nucleotides with regard first to their relative 
abilities to support citrate oxidation in the washed homogenate, second to 
the capacity of phlorizin to produce its characteristic inhibition in the 
presence of each, and third to the effect of an excess of each in preventing 
the phlorizin inhibition. In each experiment 50 umoles of citrate wer 
present. Phlorizin concentration was 5 X 10~‘ M and, initially, each ade. 


Tasie III 
Reversal of Phlorizin Inhibition of Citrate Oxidation by Adenosine Triphosphate 
The experiment shows effect of increasing the ATP concentration, 


Leondition, 
Control ATP 1.8 24.6 
Phlorizin bho 18.9 
636 807 22.2 
9.0 1100 20.7 
18 1121 29.3 
1100 29.9 


nine nucleotide was added in an amount of 1.8 umoles per flask. ‘The results : 


of such a comparison experiment are presented in Fig. 5. 


Control rates of citrate oxidation were comparable with the three dif- | 


ferent adenine nucleotides, and with each there was a phlorizin inhibition. 
In like manner an excess of each was quite effective in reversing the in 
hibitory effect of phlorizin. 


Thus in the results of these experiments there is some correlation be ~ 


tween the ability of an adenine nucleotide to act as a physiological phos 
phate acceptor (or to give rise to one) and its ability to counteract the 
inhibitory properties of phlorizin on oxidative metabolism. The fact 
that AMP supported good respiration in the control tissue and reverse 


the inhibitory effect of phlorizin indicates that it must have been able to | 
give rise to adequate amounts of ADP for this purpose. : 

Comparison of Inhibitions of Citrate Oxidation Caused by Phlorizin ani ¥ 
Fluoroacetate—In order to delineate further the inhibitory site of phlorias 
and this adenine nucleotide reversal, and to differentiate it sharply from) 
specific inhibitions such as malonate or fluoroacetate which occur withit | 
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the tricarboxylic acid cycle itself, the following experiment was performed. 
A comparison was made of the effect of ATP on the separate inhibitions 


ADENOSINE ADENOSINE ADENOSINE 
TRIPHOSPHATE DIPHOSPHATE MONOPHOSPHATE | 
28- 
z 24 
= 
NG 20- 
= a 
167 fia a. 
Qa. Q a. a 
uJ 
a J J 
ac 5 z oO z Oo 
3 Ir 
Kia. 6. The reversal of phlorizin-inhibited citrate oxidation by excess adenine 
nucleotides, Conditions as previously deseribed, with special detaila in the text, 


Phiorizin concentration 6 


CITRATE UTILIZED (uM/45 MIN) 


an am 


CONTROL 


PHLORIZIN 


PHLORIZIN 
+ ATP 


FLUOROACE TATE 


FLUOROACETATE 
+ ATP 


Fic. 6. Comparison of the effects of adenosine triphosphate, 9 umoles, on the in- 
hibitions of citrate oxidation caused by fluoroacetate and phlorizin. Conditions are 


+ as previously described, with details in the text. 


of citrate oxidation produced by phlorizin and fluoroacetate, the results 
_ of which are illustrated in Fig. 6. The phlorizin, 5 X 107‘ m, and fluoro- 
acetate (500 y per flask) each produced almost identical inhibitions of 
' citrate utilization, as are seen in the second and fourth bars. However, 
> in contrast to this is the differing effect of ATP on the two inhibited sys- 
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tems. Excess ATP characteristically prevented the phlorizin inhibition: | 
however, it was completely without effect on the fluoroacetate-inhibita | 


system. Thus this experiment reinforces the conclusions drawn from th 
experiment of Fig. 5. Fluoroacetate, when converted to fluorocitrat. 
inhibits strongly and specifically at one point in the tricarboxylic agi 
cycle, and excess ATP neither prevents nor reverses the inhibited citrat 
oxidation that results. On the other hand phlorizin inhibits the oxidatio, 
of citrate in a different way, with more general effects somewhere lowe 
down in the scheme of biological oxidations, and adenine nucleotides pr. 
vent this inhibition from occurring. 


DISCUSSION 


The present studies with phlorizin show that this substance, in reason. 
ably small concentrations, has a marked effect on aerobic metabolism ¢/ 
kidney, with a sharp reduction in the capacity of the cells to store the energy 
from biological oxidations. 

The evidence appears to support the concept that phlorizin somehow 
inhibits the capacity of ADP to accept inorganic phosphate in the coupled 
oxidative phosphorylations of the electron carrier system. As Chane 


and Williams have shown, in their excellent studies of the steady stated } 


the components of this system (0), the addition of ADP to mitochondn 
contaimimg reduced DUN stimulates oxygen consumption as reduced 
in oxidized and hydrogen is carned on through flavin adenine nucleotides 


and cytochromes to molecular oxygen, When ADP in absent or when it] 


has been quantitatively converted to ATP, oxygen consumption atopa, 


Since the phlorizin block does not occur in the presence of excess adenine | 


nucleotide, it seems reasonable to speculate that in the phlorizinized tissw 


ADP is being inhibited in its funetion of accepting phosphate. ‘The exact f 


way in which phlorizin does this is not clear at present. However, sine 
there is a relation between the amount of adenine nucleotide present ani 
the degree of phlorizin inhibition, it looks as if there is a competition be 
tween phlorizin and the adenine nucleotide for the active centers of th 


enzyme system which transfers phosphate to the adenine nucleotide, « © 
perhaps in the phlorizinized tissue there is formed a phosphorylated phlor-— 


zin instead of phosphorylated adenine nucleotide. The search for a sub 
stance is in progress. 


It seems clear that phlorizin causes a major disruption of energy me! 
tabolism of the kidney cell in vitro, but it is difficult to see why alteration” 
of such magnitude in energy metabolism should have such relatively dis — 


crete and temporary effects on tubular transport. On the side of reab 


sorption, it is glucose transport that is quite specifically inhibited. Th? 
energy-requiring mechanisms for the reabsorption of amino acids, acete 
acetate, phosphate, and some other components of the glomerular filtratt 
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are unaffected by phlorizin. When compared to some other inhibitors, 
phlorizin is relatively non-toxic and, moreover, its effect on glucose reab- 
sorption is quite transient, lasting only an hour or so after a single injection 
of a few hundred mg. in dog or man. 

In spite of these difficulties of interpretation there would seem to be 
significance in the observations reported here. One can suppose that the 
energy requirements of different transport systems neither are equal to nor 
demand the coupling of their energy in exactly the same way. The phlo- 
rizin inhibitions noted here were not greater than 50 per cent at the highest 
concentrations studied. Perhaps those transport systems that are more 
sensitive to phlorizin are more exacting in their energy requirements. 

The supposition is, of course, that phlorizin gains entrance to the cell. 
To have an inhibitory effect on the electron carrier system it would have 
to reach the intracellular mitochondria. Studies in this laboratory on the 
excretion of phlorizin in the dog and a few observations on the aglomerular 
fish Lophius americanus indicate that phlorizin is secreted by the tubular 
cells into the urine, and thus enters the tubular cell as a part of its renal 
excretion. It is reasonable to conclude that it is concentrated there to 
levels sufficient to be inhibitory to the several transport mechanisms it 
in known to affect, 


NUMMAKY 


Relatively amall concentrations of the glycomde phlorizin inhibit’ the 
oxidation of all of the substrates of the triearboxyle acid eyele in washed 


» and fortified homogenates of guinea pig kidney cortex. ‘The inhibition, 


in the case of citrate, is potentiated when another cycle substrate is added. 
Respiration and phlorizin inhibition occur in the presence of adenosine 
triphosphate, adenosine diphosphate, and adenylic acid. In the presence 
of an excess of any of these three adenine nucleotides, the phlorizin in- 
hibition of oxidation is either partly reversed or prevented altogether. 
It is theoretically concluded from these data that phlorizin interferes with 


» the phosphate acceptor réle of ADP in the coupled phosphorylations of 


the electron carrier system in kidney. 
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PEPTIDE COFACTORS IN ENZYMATIC PROTEOLYSIS: THEIR 
STRUCTURAL FEATURES AND PRESENCE IN PROTEINS* 


By ALONZA C. JOHNSONT anp ROGER M. HERRIOTT 


(From the Department of Biochemistry, School of Hygiene and Public Health, 
The Johns Hopkins University, Baltimore, Maryland) 


(Received for publication, March 23, 1956) 


In 1939 Behrens and Bergmann (1) demonstrated that cysteine-papain 
in the presence of any one of the following substances, horse serum, blood 
fibrin, casein, or gelatin, would hydrolyze glycinanilide to glycine and ani- 
line. In these systems, it was concluded that partial breakdown products 
of the proteins were acting as cofactors, but in some of the experiments with 
the above materials it was not specifically shown that the cofactor activity 
was due only to protein degradation products. In looking for simpler sub- 
stances, these investigators found that carbobenzoxy-pL-phenylalanylgly- 
cine or acetyl-pL-phenylalanylglycine (AcPhGly) would replace the pro- 
teins and enable papain to hydrolyze the otherwise resistant dipeptides. 
These latter two substances were designated as ‘‘cosubstrates’” and could 
be recovered unchanged at the conclusion of the experiments. 

As a possible explanation of these observations the above authors pro- 
posed that a tetrapeptide is synthesized by joining the ‘‘cosubstrate’”’ and 
substrate, after which the substrate amino acids are split off by the en- 
zyme, ‘lo test this hypothesis they synthesized the proposed tetrapeptide 
intermediate and observed that it was indeed hydrolyzed rapidly to yield 
equimolar quantities of glycine, ammonin, and “cosubstrate.” Tt wan 
concluded that the aynthesia of an intermediate tetrapeptide was the likely 
pathway by which these otherwise resistant dipeptides were split, 

If new peptides can be synthesized during hydrolyasia, it does not follow 
that they all will be hydrolyzed, and the sequence of amino acids observed 
inan isolated peptide may not represent the sequence in the original pro- 
tein. ‘The implications of this conclusion for protein structure determina- 
tion are so important that it was felt the possibilities should be more thor- 
oughly explored. The possibilities and ramifications of peptide bond 
resynthesis have been recognized by Sanger and Tuppy (2), Waley and Wat- 


_ * Portions of this paper are from the thesis of A. C. Johnson, submitted to the 
School of Hygiene and Public Health, The Johns Hopkins University, in partial ful- 
filment of requirements for the degree of Doctor of Science in Hygiene. Portions 
of this paper were presented before the thirty-seventh annual meeting of the Fed- 
eration of American Societies for Experimental Biology, April, 1953. 
ft Present address, Roswell Park Memorial Institute, Buffalo, New York. 
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son (3), Sanger and Thompson (4), and Fruton (5), since the present work J; 
began. Finally, a number of investigators (5-12) have reported the en. fF . 
zymatic formation of new peptides through transpeptidation. 

Since the conclusions of Behrens and Bergmann concerning the mech. } 
anism were drawn from systems involving materials that are not entirely — j 
representative of the usual biological components, i+ was decided to rein. fy 
vestigate the phenomena of peptide cofactors. Emphasis was placed on fe 
using at least one well defined protein as a source of cofactor, on using three f ¢ 
times recrystallized papain (13, 14), and on testing a variety of peptides in r 
order to ascertain the structural specificity of the cofactor. 


EXPERIMENTAL 
Methods 


Composition of Test Systems—Unless otherwise stated, the composition J 1 
of all the reaction systems was as near that of Behrens and Bergmann (1) | ly 
as possible. Each system contained 0.1 mmole of substrate per ml., 0.1 
mmole of peptide cofactor (or 50 mg. of protein cofactor) per ml., 2 mg. of J h: 
cysteine per ml., and 1 mg. of three times recrystallized papain per ml. J di 
Each reaction mixture was adjusted to pH 5.0 with 0.05 m citrate buffer. sa 
The incubation temperature was 40° in all cases. tu 

Ammonia Determination—For the estimation of ammonia liberated from 
glycinamide 1 ml. of enzymatic digest was added to 10 ml. of H2O ina test f sc 
tube. 2 drops of a lauryl alcoholic solution of phenolphthalein (0.1 perf gl 
cent phenolphthalein) and approximately 300 mg. of MgO were added, and far 
air was drawn through the system, which was submerged in a water bath fb: 
at 40°. The liberated ammonia was trapped in boric acid and subsequently Fcc 
titrated with 0.01428 n HCl to pH 4.65. The above conditions do not § th 
cause decomposition of either glycinamide or glutamine. 


Materials 

Three Times Reerystallized Papain-—Balls and Lineweaver (15) had de B iy 
cribed a procedure for the crystallization of papain from fresh wet later 
The unavailability of fresh papaya latex enused un to attempt eryatallia 
tion of papain from dried latex! th 

20 gm, of dried crude papaya latex, 10 gm, of carborundum powder, 0B in 
gm, of caleined diatomaceous earth (Johna-Manville Hyflo Super-Cel), yt 
200 ml. of cold H,O were ground in a Waring blendor for 8 minutes ay 
0-5°, The clear supernatant fluid containing 30 mg. of protein per ml) til 
was then treated according to Balls’ procedure for the wet latex, The} ric 
yield of three times recrystallized papain was about 1 to 2 per cent of the) al; 


1 Kindly supplied by the Wallerstein Company, Inc., 180 Madison Avenue, Net Ra 
York. 
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initial activity (13). A similar method based on some of the above ob- 
servations has been described recently (16). 

Crude Papain—The crude papain preparation was the clear supernatant 
fluid described under the three times recrystallized enzyme. Experiments 
involving milk clotting, and the hydrolysis of hippurylamide, or urea-de- 
natured hemoglobin, or acid-washed casein indicated no qualitative differ- 
ence between the crude and the three times recrystallized enzyme. The 
crystalline enzyme was 15 to 20 per cent more effective on a per mg. of 
protein nitrogen basis. 

Acid-Washed Casein—The casein was obtained from skim milk with 
acetic acid and then washed thoroughly with distilled water and dried. 

Five Times Recrystallized Horse Serum Albumin—The horse serum al- 
bumin was obtained by the method of McMeekin (17). After the fifth 
crystallization the protein solution was dialyzed against distilled water and 
lyophilized. 

Substrates for Cofactor Assay—Both glycinamide and glycyl-.-leucine 
have been used, but the former was more convenient since one of the hy- 
drolytic products could be aerated from a complex system and easily as- 
sayed instead of making differential titrations on the entire reaction mix- 
ture. 

Peptides—The preparation of a few of the peptides has not been de- 
scribed before; thus their synthesis is given below in some detail. The 
glutamine and glutathione were obtained commercially and their properties 
and analyses checked. ‘The remainder of the peptides were synthesized 
by generally accepted methods in the literature (1, 18-24). In order to 
conserve space and yet give evidence of the quality of the material used, 
the analytical values of all the peptides are shown in ‘Table I. 

acid di- 
ethyl ester was synthesized by coupling trimethylene bromide and mono- 
sodium diethyl malonate (25). 80 gm. of KOH pellets were added to a 
mixture of 64 gm, of and 50 gm, of d-bromopropylmalonic acid diethyl! 
calor ina LO liter round bottom flask, ‘The saponification proceeded spon- 
lancounly and vigorously, After SO minutes, 12 TIC) waa added until 
the equivalent of 61.4 gm. of dry THC) wanin the reaction mixture, The 
mixture waa heated to boiling for dO minutes during which time decarbos 
Ylation took place, The ébromevaleric amd was extracted with ether 
and treated with stoichiometric amounts of PCI, The acid chloride dis- 
tilled between 64-74 at 4 to 5mm. pressure, The density of the acid chlo- 
ride was 1.40. The 6-bromovaleric acid chloride was coupled to pi-phenyl- 
alanylglyeine. Ammoniation with 25 per cent ammonia water for 3 days 
gave the desired 5-amino peptide. 

was 
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synthesized by a Schotten-Baumann type coupling of chloroacety] chlorid | 
to alkaline pi-phenylalanylglycine, followed by ammoniation at 100° fg } 


20 minutes with 27 per cent ammonia water. 


TABLE I 
Synthetic Peptides and Their Properties 
Mp | fiction | nitrogen | ‘nitrogen’ 
Peptide 
Ele ella 
°C. | °C. | degrees | degrees 
Hippurylamide.................. 184 |183 15.6 15.64 (18) 
Glycinamide-HCl............... 187 |188 25.12/25 .32 (19) 
235° 115.2 ]14.9 |8.1 [7.45] (20) 

N-Acetyl-pu-phenylalanylgly- 

N-Acetyl-pu-phenylalanylgly- 

cylglycinamide................ 202 |204 17.5 |17.5 (1) 
Benzoyl-pt-leucylglycine........ 168 |167 9.6 | 9.6 (22) 

Glycyl-pL-phenylalanylglycine. . .|219* 15.2 {15.1 5.2615.0 
pL-Alanyl-pu-phenylalanylgly- 

220* 0.0) 0.0/14.5 (14.3 
pL-Phenylalanyl-pL-pheny]l- 

alanylglycine.................. 235* 0.0} 0.0/11.3 |11.4 (20) 
260*|270*} 0.0) 0.0/12.5 |12.6 (20) 
pL-Prolylglycine................ 222 |226 | 16.4 {16.3 (20) 
247* —73.1/—73.5]12.3 |12.3 0.0 | (2) 
Glycyl-u-glutamic acid.......... —6.1) —6.3}13.8 {13.7 | (24) 
pL-Leucyl-L-glutamic acid....... 205* 4.9 | 9.4 | 9.3 
.|200* 12.6 |12.6 16.2 16.3 | (20) 
pL-Leucylglycine................ 220* 15.0 114.9 7.44] (22) 


* With decomposition, 


Alanyl-pi-phenylalanylglycine— AV ml, of a-bromopropiony! chloride 
were added slowly to a cold solution of 7 gm, of phenylalanylglyeine hy- : 
drobromide in 50 ml, of NaOH, of HC] were added next and 
the mixture was allowed to stand at 3° for 12 hours, after which the material — 
was filtered and washed twice with cold water, The a-bromo derivative — 
wan treated with 10 times ita weight of 27 per cent ammonia water at 100 7 
for 20 minutes, After evaporation to dryness, the ammonium bromide wat 


S 
\ 
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extracted with 95 per cent ethanol, leaving a product having the properties 
shown in Table I. 

pi-Leucyl-L-glutamic Acid—a-Bromoisocaproyl chloride was coupled 
with L-glutamic acid in alkali. The coupled product was treated with 27 
per cent ammonia water for 3 days at 25°. 


Results 
Cofactors from Proteins 


Two proteins were tested for their potential cofactor activity. They 
were five times crystallized horse serum albumin (17) and thoroughly 
washed casein. These were added to the activated papain-glycinamide 
mixture to see if they induced the hydrolysis of the otherwise resistant gly- 
cinamide. It was anticipated that the papain would also digest the pro- 
teins and to evaluate this latter effect on the cofactor activity aliquots of 
predigested protein were added to other test samples. Predigestion took 
place for 2 weeks under a layer of toluene at 40° with 1 mg. of cysteine- 
papain per ml. The proteolytic activity of the enzyme was checked after 
this period and found to be essentially unchanged. The substrate was then 
added to these aliquots and the reaction was carried out as usual. The 
synthetic cofactor of Behrens and Bergmann, AcPhGly, was also included 
for comparison. 3 

The results of the assays on the various systems noted above are shown 
in Table IT. 

The data in Table II suggest at least three points. First, the cofactors 
aiding the cleavage of peptides by papain are demonstrable even in a puri- 
fied protein (System B); secondly, in one instance (Systems A and B) the 
cofactor activity diminished when predigested by papain while in the other 
(Systems C and D) it did not; and, lastly, the cofactors in horse serum al- 
bumin (System B) are probably much more active than the AcPhGly used 
by Behrens and Bergmann. On this last point it may be noted that, al- 
though the concentration of AcPhGly was 2.6 per cent compared to 5 per 
cent for the protein, it is doubtful if more than a small fraction of the pro- 
tein is active as a cofactor, thus indicating it to be considerably more effee- 
live, 

There are at least two explanations for the decrease in the cofactor activ- 
ily of previously digested horse serum albumin, There may have been 
cofactors in the horse serum albumin that enatalyzed the breakdown of the 
cofactor needed to hydrolyze glycinamide or there may have been different 
peplide cofactors in the horse serum albumin, some of which were auscepte 
ble to papain splitting, 

It is clear from the above resulta that the basic observation of Behrens 
and Bergmann has been confirmed by using a crystalline proteim and erys- 
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talline papain. The substrate glycinamide is resistant to papain in the 
absence of a cofactor. 

Systems G and H of Table II were control systems to evaluate the am. 
monia liberated by enzymatic breakdown of the amides in the proteins 
All ammonia values in Table II were corrected for the small background 
liberation of ammonia from the proteins alone. Reaction System E clearly 


TABLE II 
Cofactors in Digested and Undigested Proteins 
: Reaction System* 
System components centration 
A | B Cc D E F Gi 
™M 
Glycinamide 0.1 +itit+i+ + 
AcPhGly 0.1 + 
mg. per ml. 
Digested horse serum albumin 5 + 
- casein 5 + + 
Undigested casein 5 + + 
* horse serum albumin 5 + + 


Per Cent Ammonia Liberated from Glycinamidet 


hrs. 

0 0; 0; O} OF; OF 0 
25 21 17) 3) 8 
50 12 | 33 | 29 | 28; 28; 3/28 

122 16 | 38 | 34 | 34; O} 34); 4/17 
146 17 | 46 | 36 | 38 | 37) 4/17 


* The variable components of the reaction systems are indicated by the plus signs. > 
All of the systems had 1 mg. of cysteine-activated, three times recrystallized papain F 


per ml. 
t The reproducibility is 5 per cent of the recorded values. 


showed that essentially all the amide nitrogen from the digested proteins — 
had been liberated in the 14 days of preliminary digestion. System F 


showed the effect of the synthetic cofactor. 


Essential Features of Peptide Cofactors 


Behrens and Bergmann reported no cofactor activity from non-acylated : 
peptides, yet presumably there are few, if any, acylated peptides in pro- iy 
teins. Peptides with structures varying somewhat from that of the AcPH- : 
Gly were prepared in an effort to discover the essential features needed for a 
cofactor activity and to explain the activity of proteins and protein digests, — 
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Table III contains the results of experiments in which a variety of pep- 
tides were tested for cofactor activity. The per cent hydrolysis has been 


corrected for blanks and controls. 


An examination of the results in Table III suggests the following: (1) 
Acylated dipeptides related to those reported by Behrens and Bergmann 
showed the expected cofactor activity (see Experiments A, B, and C). 
They also indicated that among the acylated cofactors no one particular 
amino acid residue is irreplaceable for cofactor activity. (2) The mono- 
amino, monocarboxylic, di-, and tripeptides tested did not function as co- 


TaBLeE III 
Cofactor Activities of Certain Peplides 


| Per cent 


Experiment Peptide cofactor 
144 hrs.* 


Acetyl-pt-phenylalanylglycine 39 
Acetyl-p.-phenylalanylalanine 39 
31 
Glycyl-pL-phenylalanylglycine 0 
pL-Alanyl-pL-phenylalanylglycine | 0 
| pL-Phenylalanyl-pL-phenylalanylglycine 0 
| L-Prolylglycine 0 
| L-Prolyl-L-leucine 0 
pL-Phenylalanylglycine 0 
pL-Leucylglycine 0 
Glycyl-u-leucine 0 
5-Aminovalerylphenylalanylglycine 46 
Glutathione (y-glutamylcysteinylglycine) 32 
Glycyl-L-glutamic acid 18 
pL-Leucyl-.L-glutamic acid 13 


| 
* The reproducibility is +5 per cent of the recorded values. 


factors if the free amino group was in the a position (see Experiments D 


to K inclusively). (3) Movement of the free terminal amino group from 


' the a (Experiment D) to the 6 (Experiment L) position conferred cofactor 
_ activity where there had been none before. Thus, it is seen that the free 
_ a-amino group in the peptide cofactor exerts some structural influence, 
_ which prevents its functioning as a cofactor. This effect can be overcome 
_ by acylation or by moving the free amino group. 


These results suggested that glutathione (GSH), a naturally occurring 


_ peptide, the free amino group of which is not in the « position relative to the 
4 peptide bond, might function as a cofactor. As seen in Experiment M of 
Table IIT, this proved to be correct. A comparison of GSH (y-L-glutamyl- 
leyteinylglycine) with previously well defined cofactors brought out the 
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following points: The y-glutamy] residue in GSH apparently serves the 
same function as the acyl residue in Bergmann’s cofactors. The a-amino 
group of GSH, which in most peptides requires acylation for cofactor aetiy. 
ity, is either so far away from the critical peptide bond or its effect is ney. 
tralized by the adjacent a-carboxyl group. Regardless of the explanation, 
the y-glutamy] residue appears to have the same effect as an acy] residue 
The suggestion is supported by the results with the 6-aminovalery] tr. 
peptide (Experiment L, Table III) which has pronounced cofactor activity, 

The GSH was not functioning as an SH activator of papain in these ex. 
periments because, unless otherwise stated, all protocols included a pr. 
liminary activation with excess cysteine. 

In the presence of GSH, cyanide-activated papain caused 41 per cent 
hydrolysis of glycinamide and glycyl-L-leucine was quantitatively split in 
144 hours. Incubation of the GSH alone with papain resulted in no by. 
drolysis of the GSH as measured by amino and carboxy] titrations and paper 
strip chromatography. This resistance was expected, since it had been 
reported that GSH is a natural activator in papaya latex (26). Since this 
work was initiated, Hanes et al. (6-8) and others (12, 27-29) have reported 
that GSH in the presence of enzyme preparations, amino acids, or peptides 
undergoes transpeptidation during which new y-glutamyl] peptides are 
formed. Hendler and Greenberg (30), however, were unable to confirm 
some parts of one of these reports and found no effect of y-glutamy] linkage 
on incorporation of labeled glycine into protein. 


(4) The results with GSH stimulated a search for other glutamy] pep- | 
tides that would function as cofactors. Glycyl-L-glutamic acid and pL | 
leucyl-L-glutamic acid both evinced some cofactor activity. From Ex- | 


periments N and O (Table III) it is seen that these two peptides were only 
one-half to one-third as effective as GSH or AcPhGly. Nevertheless, such 
findings were important because they demonstrate for the first time cofactor 
activity in peptides that might be found in enzymatic digests of proteins. 
Since in this case the a-amino group is free and is adjacent to the peptide 
bond, the distinctive feature would appear to be the y-glutamy] carboxyl 
group. 

These results show fairly clearly that glutamic acid in small peptides 
either in the y-glutamy] linkage or on the carboxyl end of the peptide can 
function as a cofactor. Since even the y-glutamy] linkage is reported in 
proteins (31), peptides involving glutamic acid linked in either position 


would be formed during proteolysis. These could be responsible for some F 


of the observed cofactor activity of proteins and protein digests. 


Mechanism of Cofactor Activity 
To explain the action of the cofactor, the earlier workers (1) had proposed 


the synthesis of new intermediates composed of the cofactor and substrate & 
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and that this was followed by hydrolysis of the substrate leaving the cofac- 
tor intact. To test this they synthesized the tetra- and tripeptides which 
they found were readily split by the enzyme yielding the expected products. 
This much we have confirmed. Splitting of glycylleucine has likewise 
been confirmed with the isolation of glycine by precipitation with potassium 
trioxalatochromiate (32) and the leucine was identified as the nasylate (33). 

The above work cannot be considered as evidence of synthesis. It merely 
indicates that the hypothetical intermediates are in fact susceptible to 
breakdown if present. By using paper chromatographic methods and a 
sensitive method for detecting changes in the number of peptide bonds (34) 
the course of the reaction in the presence of cofactors was followed closely 
in an effort to detect some intermediates formed by either synthesis or 
transpeptidation. Both GSH and AcPhGly as cofactors were used. No 
intermediates or new compounds could be detected. This does not exclude 
the mechanism of Behrens and Bergmann, but it does suggest that, if syn- 
thesis occurs, the intermediates are broken down very fast for they did not 
accumulate in solution. Perhaps the entire reaction occurs on the surface 
of the enzyme, in which case the cofactor is not essentially different from a 
coenzyme. The paper chromatogram studies would appear to exclude vir- 
tually the involvement of transpeptidation as a encanta, for new pep- 
tides must form by this mechanism. 


SUMMARY | 
The demonstration by Behrens and Bergmann of protease ‘‘cosubstrate’’ 


activity has been confirmed and extended. Cysteine-activated, three 


times recrystallized papain did not split glycinamide or glycyl-.-leucine 
unless auxiliary peptide structures (cofactors) were present in the reacting 
system. 

The addition of either purified horse serum albumin or acid-washed casein 
enabled the papain to split glycinamide. If the horse serum albumin was 
previously digested with papain, it lost much of its ability to aid in the hy- 
drolysis of glycinamide. Prior digestion of acid-washed casein apparently 
had little or no effect on its ability to function as a cofactor. 

The simple monoamino, monocarboxylic, di-, and tripeptides tested did 
not function as cofactors. 

Some acylated dipeptides, two dipeptides of L-glutamic acid, and gluta- 


thione exhibited definite cofactor activity. 


Considering all the cofactors, no one amino acid component appears to be 


essential, but among the cofactors that might be found in proteins glutamic 


acid plays a prominent réle. 
Experiments designed to detect transpeptidation or synthesis of inter- 
mediates failed to demonstrate either process. 
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THE NEO-b ISOMER OF VITAMIN A AND RETINENE 


By PAUL K. BROWN anvp GEORGE WALD* 
(From the Biological Laboratories, Harvard University, Cambridge, Massachusetts) 


(Received for publication, October 19, 1955) 


Among the geometrical isomers of vitamin A and retinene, the neo-b 
isomer occupies a special position. As the precursor of rhodopsin and 
jodopsin, it plays a central rdéle in rod and cone vision (1, 2). It is stored 
almost exclusively in the eyes of certain Crustacea (3) and is equally dis- 
tinctive chemically. The four unhindered geometrical isomers of vitamin 
A have been identified (4, 5); neo-b proved to be a fifth form (Fig. 1). 
Necessarily, therefore, it possesses a hindered cis linkage, the first such con- 
figuration to be found in nature. Apparently, also, it is monocis; hence, ei- 
ther 7- or 11-cis. The synthesis of an 11-cis isomer, which was not neo-b, 
led us to conclude that the latter must be 7-cis (6). In inferring this, how- 
ever, we were led astray by a prevalent misconception regarding the con- 
figuration of one of the components used: the presumed 11-cis isomer 
synthesized earlier was in fact 11,13-dicis (neo-c). What is apparently 
the 11-cis isomer has since been synthesized and is identical with neo-b (6). 

The present paper describes the preparation and properties of neo-b 
vitamin A and retinene. 


Preparation of Neo-b Retinene 


The first preparation of neo-b retinene yielded a small amount of crys- 
talline material, which, according to later work, contained about 70 per 
cent of this isomer (1). Later Dieterle and Robeson (7) prepared a crys- 
talline mixture of neo-a (13-cis) and neo-b retinene, from which the neo-b 
crystals were separated by hand and recrystallized. 

Two new procedures are described below, a small scale chromatographic 
purification and a large scale fractional crystallization beginning with the 
oxidation of vitamin A. 

Chromatographic Purification—Dry powdered alumina (Merck reagent, 
“suitable for chromatographic adsorption”) is weighed in a wide dish, 5 per 
cent of its weight of water is added, and the whole mixture is covered with 


layer of petroleum ether. This mixture is stirred until smooth and poured 


* This investigation was supported in part by the Rockefeller Foundation and the 
Office of Naval Research. We are greatly indebted to the Organic Research Labora- 
tory of Distillation Products Industries, Rochester, New York, for gifts of crystalline 
all-trans and neo-b retinene, and to Dr. Max Tishler of the Research Laboratories 
of Merck and Company, Rahway, New Jersey, for a gift of synthetic vitamin A. 
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into an upright glass tube to form a column. Onto this is poured a cop. 
centrated solution of retinene in petroleum ether; a yellow zone forms high 
on the column. This is developed with 10 per cent benzene in petroleum 
ether. The lowest orange-yellow band is cut away and eluted with 1 per 
cent ethanol in petroleum ether. 

Throughout this procedure the retinene is protected from light to pre. 
vent its isomerization. Mostly, it is kept in the dark or handled in req 
or orange light, which, since not absorbed by retinene, does not isomerize 
it. The column is wrapped in black cloth and viewed in a dim white light 
only when necessary. 

After the first chromatography, the pigment consists of a mixture of neo- 
and neo-b retinene. After being transferred to fresh petroleum ether, it 
is chromatographed a second time as before. A diffuse yellow zone forms 
on the column, of which the first fraction to run through is the pure neo-b 


neo-b neo-c 
8 ait 10 14 
C3 2, JC-CHs isO-a neo-a 
én iso-b 7 


Fic. 1. Structure of all-trans retinene. The double bonds which are in cis con- 
figuration in the other geometrical isomers are indicated with arrows, the unhindered 
cis isomers below, and the hindered cis isomers above the diagram. 


isomer. This is drawn off in successive small portions until the first con- 


tamination with neo-a retinene appears, which is marked by a fall in the | 
ratio of extinctions at 251 and 362.5 my and a decrease in the changes caused 4 
by isomerization (see below). Neo-b retinene prepared in this way has | 


nearly the same properties as the crystalline substance. 
Oxidation of Vitamin A to Retinene—Vitamin A is oxidized to retinene 


_ by adsorption on manganese dioxide (8, 9), prepared by the procedure of © 
Attenburrow et al. (10). The dry powder, weighing 6 to 7 times as muchas © 
the vitamin A to be oxidized, is packed in a glass tube to form a short — 
column. Vitamin A alcohol, the synthetic oil or commercial crystals, both — 
primarily all-trans, dissolved in hexane, is drawn through this column under ~ 
light suction. A solution of retinene runs off as the filtrate. This is then © 
taken up in petroleum ether and cooled to —15°. It crystallizes on seeding — 


with a few small crystals of all-trans retinene. 


Isomerization—10 gm. of crystalline all-trans retinene are dissolved : 
1.5 liters of absolute ethyl alcohol and isomerized by standing in bright 


4 


eum 
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sunlight for several hours with constant stirring. Thereafter the retinene 
js protected from isomerizing light. The alcohol is evaporated under 
suction at room temperature. 

Fractional Crystallization—The residual oil is dissolved in 30 ml. of 
petroleum ether and passed through a sintered glass Corning F filter. 
After cooling to —15°, it is seeded with a few small crystals of all-trans 
retinene. Within 2 to 7 days a copious yield of crystals has formed. The 
mother liquor is poured off, and the crystals are washed rapidly with 
cold petroleum ether (— 15°). 

The mother liquor and washings are mixed, concentrated to 10 to 15 ml., 
chilled to — 15°, and seeded with crystals of neo-a retinene. Within about 
2 days this isomer has crystallized. The mother liquor is poured off, and 
the crystals are washed as before. 

The mother liquor and washings are again mixed, concentrated to about 
10 ml. of petroleum ether, and seeded with crystals of neo-b retinene.! 
After 3 to 4 days at —15°, this isomer has crystallized. 

In this procedure the order of crystallization of neo-a and neo-b retinene 
can be reversed without difficulty. Also we have on occasion left both 
neo-a and neo-b retinene to complete their crystallizations for periods 
approaching a month. 

Recrystallization—The first crops of crystals were recrystallized two to 
four times. For this they were dissolved at room temperature in a small 
volume of petroleum ether, about 5 ml. per gm. of crystals. The solution 
was brought to 3-4° and seeded. If it did not crystallize soon, it was cooled 
to —15°. After crystallization, the mother liquor was poured off, and the 
crystals were washed with cold petroleum ether. When particularly 
well formed crystals were wanted, the seeding was performed at room 
temperature, and the solution was cooled gradually in a water bath. 

Yields—By this procedure we have prepared almost 2 gm. of crystalline 
neo-b retinene. The yields from two runs are shown in Table I. With 
regard to the neo-b isomer, they are far from maximal. On isomerizing 
all-trans retinene with light in very dilute solution, about 5 y per ml., we 
find that about 25 per cent of the final product is the neo-b isomer. The 
more concentrated the solution, the less cis isomers we have obtained (1). 
In the experiments cited in Table I, in which concentrations range from 
7 to 40 mg. per ml., our final yields of neo-b retinene represented only 1 to 
3 per cent of the starting material. This may be owing to incomplete ex- 
posure of the retinene to light. In such highly concentrated solutions, in 
which retinene has extinctions of 10,500 to 60,000 in a layer 1 cm. deep, 
light of isomerizing wave lengths can penetrate only very slightly. Indeed, 


‘We are grateful to Dr. C. D. Robeson for the crystalline neo-b retinene with 
which we performed our initial seeding. 
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at the absorption maximum, the most efficient wave length for isomerization, 
the light falls to 10 per cent of its incident intensity after penctrating 4 
layer only 0.16 to 1 « deep. We tried to compensate for this difficulty by 
stirring, yet probably did not irradiate long enough even under these con. 
ditions to achieve maximal isomerization. 


Physical Properties of Neo-b Retinene 
Melting Point—The melting points of two preparations of neo-b retinene, 
three and four times recrystallized, were 60.3-61.9° and 61.3-62.7° (cor. 
rected). Dieterle and Robeson (7) have reported slightly higher values 
(63.5-64.4°) 
Absorption Spectrum—tThe absorption of neo-b retinene in ethyl alcohol 
is shown in Fig. 2 and in hexane in Fig. 3.2. The positions of the band 


TABLE 
Fractional Crystallization of Retinene Isomerate 
From 10.8 gm. retinene From 60 gm. retinene 
Isomer 
gm. gm, 
1 7.0 3 52.25 
2 0.23 3 0.80 | 


maxima in these solvents, and their specific extinctions, are presented in 
Table II. 
The spectrum of neo-b retinene consists of three absorption bands: 4} 
main band at Amex 376.5 my (ethyl alcohol), a subsidiary band at 254 my, | 
abnormally large as in other hindered cis compounds, and a small inflection | 
at 290 my, which we think represents the “‘cis-peak”’ (6). ; 
Antimony Chloride Test—We perform this test by adding 2.2 ml. of 0) 
per cent antimony chloride in chloroform to 1 ml. of the retinene solution in | 
chloroform, in an absorption cell in a recording spectrophotometer. The — ( 
spectrum is recorded at once, the pen drawing the absorption maximum, 
about 15 seconds after the reagents are mixed. bp 
Dp 


All the geometrical isomers of retinene apparently yield the same blue 
product with antimony chloride, with Amsx 666 my and EF (1 per cent,1em)" 
3780 + 140 (11). Four tests with crystalline neo-b retinene yielded a 4 
average (1 per cent, 1 cm.) of 3740. 

2 All the absorption spectra shown in this paper were measured with the Cary . te 
cording spectrophotometer. The figures show the records drawn by this instrument, a Py 
mounted for publication. qd 
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Reduction of Neo-b Retinene to Neo-b Vitamin A 


The geometrical isomers of retinene are reduced quantitatively to the 
corresponding isomers of vitamin A by potassium borohydride (KBHy4). 
A careful study of this process with all the available retinene isomers shows 
that it involves no appreciable isomerization; so, for example, the prod- 
ucts obtained have the same molar extinctions as given by Robeson et al. 


TABLE II 


Properties of Neo-b Vitamin A and Retinene 
The numbers in parentheses are values of F (1 per cent, 1 cm.). The molar ex- 
tinctions are obtained by multiplying E (1 per cent, 1 cm.) by 28.6 in the case of vita- 
min A and by 28.4 in the case of retinene. 


Vitamin A Retinene 
Amax (mp) in 
Ethyl alcohol 319 (1220) 376.5 (878) * 
233 (370) 290 (412) 
254 (614) 
Hexane 318 (1200) 362.5 (928) 
233 (370) 282 (400) 
| 251 (600) 
Antimony chloride product 618 (4400)t 666 (3740) 
Rise in Emax Of main band on 
Reduction in ethyl alcohol 1.39 
Isomerization in hexane 1.45 + 0.05 1.70 
‘** ethyl alcohol 1.3 
Rhodopsin formation (calculated) 1.87 
(observed) 1.7 
Fall in Emax of subsidiary band on 
Isomerization in hexane 0.55 (at 233 my) 0.40 (at 251 my) 
ethyl alcohol 0.64 (‘* 254 “) 


* Dieterle and Robeson (7) give the following values for the E (1 per cent, 1 cm.) 
of crystalline neo-b retinene in ethyl alcohol: at 376 mu, 857; at 255 my, 595. 
t Cawley et al. (15). 


(5) for crystalline geometrical isomers of vitamin A. For these reasons 
we find that the reduction with borohydride can be used not only to pre- 
pare the single geometrical isomers of vitamin A, but also to relate their 
properties quantitatively to those of the corresponding retinenes and to 
identify the latter. 

Procedure—Fig. 2 shows the reaction in its simplest form. Toa solution 
of neo-b retinene in ethyl alcohol, in an absorption cell in the spectropho- 
tometer, a few grains (about 1 mg.) of potassium borohydride are added, 
and the solution is stirred. In this way the concentration remains un- 
changed and the reaction is completed within a few seconds. The re- 
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duction can be performed equally well with the borohydride dissolved jp 
ethyl alcohol, or with the borohydride in water, added to a solution of 
retinene in 2 per cent aqueous digitonin. 


Properties of Neo-b Vitamin A 


Absorption Spectrum—The absorption spectrum of neo-b vitamin A jp 
ethyl alcohol is shown in Fig. 2 and in hexane in Fig. 4. The positions of 
the absorption bands and estimates of their specific extinctions are shown 


=] 2 
PERE 
250 300 350 400 450 500 
Wavelength- my 


Fic. 2. Absorption spectra of neo-b vitamin A and retinene in ethanol (6.8 y per 
ml.). 


in Table II. Neo-b vitamin A possesses a main absorption band at Ans 


about 319 my (ethyl alcohol) and a cis-peak at about 233 mu. The differ- — 


ence in position of these absorption bands, 86 mu, is the same as in neo-b 
retinene. 

Since neo-b vitamin A has not yet been crystallized, its absolute extinc- 
tion must be inferred from transformations which establish its quantitative 


relationships to substances of known absolute extinction. We make useol — 
three such transformations: the reduction of neo-b retinene, already de 


scribed, the antimony chloride reaction, and isomerization. 


On reduction in ethanol, the maximal extinction (Zm.x) of neo-b retinene — 
rises on the average 1.39 times (Fig. 2). Since neo-b retinene possesses F | 
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(1 per cent, 1 cm.) 878, neo-b vitamin A appears to have F = 1.39 X 
878 = 1220. 

Antimony Chloride Test--On mixing with antimony chloride, all the 
geometrical isomers of vitamin A apparently yield the same blue product, 
with Awax “bout 618 my and # (1 per cent, | em.) about 4400. When we 
add 2.2 ml. of 20 per cent antimony chloride in chloroform to 1 ml. of a 
solution of neo-b vitamin A in chloroform, having Fy... 0.425, we record, 
within 15 seconds, a maximal extinction at 618 my of 0.524. Since this 
procedure dilutes the original solution 3.2 times, the vitamin A in the same 
concentration would have had the extinction 0.425/3.2 = 0.133. The 
K (1 per cent, | em.) of neo-b vitamin A in chloroform therefore appears 
to be about (0.133/0.524) K 4400 = 1120. 


Isomerization of Neo-b Retinene and Vitamin A 


One of the most characteristic properties of neo-b vitamin A or retinene 
is its behavior on isomerization. Retinene is isomerized by simple expo- 
sure to light, but isomerizes much more rapidly in the presence of traces 
of iodine. Vitamin A requires the presence of iodine to isomerize in vis- 
ible light. When carefully performed, both reactions yield quantitatively 
accurate results. Fig. 3 shows the isomerization of neo-b retinene and 
Fig. 4 that of neo-b vitamin A. | 

Procedure—To a solution containing retinene or vitamin A in hexane 
(2 to 5 y per ml.), 1 drop of a stock solution of iodine in hexane is added, 
bringing the final iodine concentration to about 0.05 y per ml. in the case 
of retinene, or 0.4 y per ml. in the case of vitamin A. This mixture is 
irradiated for 1 to 2 minutes with white light of intensity of about 30 
ft. candles. 

It is difficult to specify these conditions accurately, and in each new 
instance we check for completion of the reaction. The end point in the 
case of the neo-b isomer is marked by failure of the extinction to rise on 
further irradiation. The iodine concentration and irradiation needed to 
reach this point vary with the hexane employed, presumably because 
traces of aromatic hydrocarbons absorb the iodine. In tissue extracts the 
presence of contaminants which take up iodine may make it necessary to 
use more iodine or light to complete the isomerization. 

In such a homopolar solvent as hexane, all the geometrical isomers of 
retinene and vitamin A isomerize almost entirely to the all-trans condition. 
With neo-b retinene, the extinction of the main band rises sharply, Amax 
shifting from 363 to 367 mu (Fig. 3). Simultaneously the absorption 
bands at lower wave lengths fall in extinction until obliterated. The ex- 
tinction of the main band rises on the average by a factor of 1.70, while 
that in the region of the subsidiary band at 250 my falls to about 0.40 of 
its original value. 
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The £ (1 per cent, 1 cm.) of all-trans retinene in hexane is 1680. Isom. 
erization with iodine and light lowers this value by a factor of 0.93. The 
E (1 per cent, 1 cm.) of isomerized retinene is therefore 1560; it appears to 
be the same regardless of the retinene isomer used as starting material, 
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Fic. 3. Absorption spectra of neo-b retinene in hexane and of the product of its 
isomerization by light in the presence of iodine. - 


Hence the observation that the Emax of neo-b retinene rises 1.70 times om 
isomerization implies that its EF (1 per cent, 1 cm.) in hexane is 1560/1107 
= 920. This is almost exactly equal to the value determined directly 
(928). 
The corresponding experiment with neo-b vitamin A yields a simils — 
result (Fig. 4). Emax of the main band rises 1.45 + 0.05 times, Amax shift | 
ing meanwhile from 318 to 325 mu. Simultaneously the extinction in th” 
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region of the cis-peak at 322 my falls to 0.55 times its original value. The 
absorption spectrum also changes characteristically in shape: the main 
band of neo-b vitamin A is broad and relatively symmetrical, whereas that 
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Fic. 4. Absorption spectra of neo-b vitamin A in hexane and of the product of 
its isomerization by light in the presence of iodine. 


of the isomerate forms a sharper peak and bears a distinct inflection on its 


short wave length shoulder. 
The E (1 per cent, 1 cm.) of all-trans vitamin A in hexane is 1820 (12). 


_ On isomerization with iodine and light, Emax falls by a factor of 0.94. 
_ The E (1 per cent, 1 cm.) of vitamin A isomerate is therefore 1710. Since 
_ the F,,.x of neo-b vitamin A rises 1.45 times on isomerization, its E (1 per 
-. cent, 1 cm.) in hexane is about 1710/1.45 = 1180. This is close to the 
- value determined by the reduction of neo-b retinene in alcohol (1220). 
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In such a polar solvent as ethyl] alcohol, retinene isomerizes in the light 
to yield a much larger proportion of cis isomers than in hexane. An aleo. 
hol solution of neo-b retinene, exposed to white light (no iodine), exhibits 
the following changes: the extinction of the main band (376.5 my) rises 
about 1.3 times, with little change in wave length, while the extinction 
of the subsidiary band (254 my) falls to about 0.64 of its former height, 
considerable subsidiary band remaining in the final product. 


Synthesis of Rhodopsin 


Another characteristic property of neo-b retinene is the synthesis of 
rhodopsin on incubation in the dark with the protein of the retinal rods, 
opsin (1, 11). ‘The preparation of cattle opsin has been described (13), 
With this and neo-b retinene, the synthesis of rhodopsin presents littl 
more complication than any other colorimetric reaction, When neo-+ 
retinene is added in excess, the reaction measures opsin; when opsin is in 
excess, it measures neo-b retinene, 

An example of such an experiment is shown in Fig. 5. A solution of 
cattle opsin in 2 per cent aqueous digitonin was used as the control; the 
spectrum of opsin or of the opsin moiety of rhodopsin therefore does not 
appear in the record. The same concentration of opsin was mixed with 
neo-b retinene in 2 per cent digitonin, and the spectrum was recorded at 
once (Curve 1). Although completed within 20 seconds after mixing, this 
spectrum already displayed an inflection at about 500 my, owing to the 
formation of a trace of rhodopsin. The spectra were recorded periodically | 
thereafter in the dark, at the times shown in the legend of Fig. 5. The | 
concentration of rhodopsin (Amax 498 my) rose regularly, while that of neo-b | 
retinene (Amax 380 my) fell. The reaction was complete in about 2 hour | 
(22.5°). The small absorption band at about 350 my remaining in the | 
final product (Curves 8 and 9) is primarily the 8-band of rhodopsin. When | 
opsin is in excess, as here, the synthesis of rhodopsin almost entirely re- 
moves neo-b retinene from solution. 

The molar extinction of cattle rhodopsin in aqueous digitonin at 498 mp 
is 40,600 (14). Retinene has about 0.87 times the extinction in aqueous © 
digitonin that it displays in alcohol. In digitonin solution, therefore, neo-b — 
retinene has £ (1 per cent, 1 cm.) about 0.87 X 878 = 764 and a molar | 
extinction of 21,700. We therefore expect the ratio of the extinction of © 
rhodopsin formed to that of neo-b retinene employed to be 40,600/21,70 
= 1.87. 


The highest value of this ratio that we have observed experimentally is 2 


1.7. This is achieved, for example, in Fig. 5. We find this same discrep- — 
ancy with our preparations and with crystals obtained from Dieterle and — 
Robeson. It implies at best an “activity” of about 90 per cent. At the — 
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end of such syntheses of rhodopsin in solution, we find a small residue of 
retinene, inactive in forming further rhodopsin, the presence of which is 


neo-b retinene + opsin 
rhodopsin: — 

08 7 | 

c 064 
‘Q 
x 04 / | 

ES== 
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Fic. 5. Synthesis of rhodopsin. Cattle opsin is mixed with neo-b retinene, in 2 
per cent aqueous digitonin solution, and the mixture is incubated in the dark (pH 
7.0, 22.5°). The absorption spectrum was recorded periodically, Curve 1 at 0.3, 
Curve 2 at 2.5, Curve 3 at 5, Curve 4 at 10, Curve 5 at 18, Curve 6 at 30, Curve 7 at 
60, Curve 8 at 120, and Curve 9 at 180 minutes. Initial concentrations, opsin, 29 
umoles per liter; retinene, 21 wzmoles per liter. 


"exposed by adding hydroxylamine (0.17 Mm). This has no effect upon a 


natural preparation of rhodopsin, but in such synthetic preparations it 
causes a small lowering of absorption in the region of 415 my, and a rise 
of extinction at about 365 muy, associated with the formation of retinene 
oxime (cf. (14)). It is not yet known whether this residue represents a 
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contamination of neo-b retinene with perhaps a trace of neo-a or is caused | 


by some isomerization of the neo-b isomer in the 2 to 3 hours of incuba. 
tion with opsin. 


DISCUSSION 


The properties of neo-b vitamin A and retinene are summarized in Table 
II. Some of them, particularly the synthesis of rhodopsin and the mag. 
nitude of the changes in extinction which accompany isomerization and 
the antimony chloride test, are unique among the geometrical isomers of 
vitamin A and retinene and readily identify and measure the neo-b isomer 
in mixtures and tissue extracts (cf. (3)). 

Our measurements on crystalline neo-b retinene agree well with those of 
Dieterle and Robeson, ‘These authors, however, on reducing neo+ 
retinene with lithium aluminum hydride and sodium borohydride, obtained 
a product whose properties depart appreciably from those we find in neod 
vilamin Ay per cent, em.) 940 (422 ty) and 270 (255 in eth 
anol, Not knowing the details of their procedure, we cannot explain thi 
discrepancy, other than to auggeat that our potassium borohydride ins 
gentler reducing agent than those used by Dieterle and Robeson, less in 
clined to produce side effects, and that such a procedure as illustrated in 
Fig. 2 avoids such losses as almost inevitably accompany the manipulation 
of vitamin A. In our experience with other geometrical isomers of retinene, 
this procedure yields a quantitatively accurate result. 


SUMMARY 


The neo-b (11-cis) isomer of vitamin A and retinene, the precursor of | 
rhodopsin and iodopsin, is a hindered cis polyene, the first such structure 
to appear in nature. Its preparation and properties are described, partic: | 
ularly properties useful in its identification and measurement in mixtures | 
and tissue extracts: reduction of the retinene to vitamin A with potassium | 
borohydride, isomerization with iodine and light, the antimony chloride ‘ 


reaction, and the synthesis of rhodopsin. 
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ROLE OF GLUTAMINE IN PROTEIN SYNTHESIS BY 
THE EHRLICH ASCITES CARCINOMA* 


By M. RABINOVITZ, MARGARET E. OLSON, 
AND DAVID M. GREENBERG 


(From the Department of Physiological Chemistry, University of 
California School of Medicine, Berkeley, California) 


(Received for publication, January 16, 1956) 


Amino acid antagonists have been shown to block protein synthesis in a 
variety of species as indicated by inhibitions of growth (1) and of syn- 
thesis of constitutive (2) and adaptive (3) enzymes. An inhibition of 
syntheses which require the complete complement of constituent amino 
acids can generally be relieved by increasing the concentration of the anal- 
ogous metabolite. It therefore appeared unusual that, although phenyl- 
alanine antagonists inhibit the incorporation of radioactive phenylalanine 
into Hhrlich ascites cell protein competitively, they do not inhibit the in- 
corporation of other amino acids non-competitively (4), ‘This specificity 
of antagonism was similar to that reported by Cale and Folkes (5) with 
the une of Staphylococcus aureus, and suggested that the incorporation of 
mihonchive amino into protem took place through an exchange proc: 
ean Opposed to protein aynthena de novo, However, if the analogue 
enters the protein in place of ite metabolite, then inhibition of incorporation 
of the natural amino acid would represent a competition among substrates, 
The incorporation of other amino acids into the unnatural protein thus 
formed would not be inhibited. Such a substitution of a natural amino 
acid by an antagonist was observed in a balance study in which both radio- 
active methionine and radioactive ethionine were used (6). 

Although some amino acid analogues substitute for their corresponding 
metabolite, others have been found which act as inhibitors of protein syn- 
thesis. Thus, O-methylthreonine inhibited the incorporation of its metab- 
olite isoleucine competitively, but its inhibition of leucine incorporation 
was non-competitive (7). Since both inhibitions were relieved by iso- 
leucine, the results indicate that the block in leucine incorporation arose 
from an inhibition of protein synthesis. Methionine sulfoximine was also 
found to be a non-competitive inhibitor of amino acids other than its me- 
tabolite, glutamine. The first section of this paper summarizes the charac- 
teristics of methionine sulfoximine antagonism upon the incorporation of 
amino acids into protein of the Ehrlich ascites carcinoma cell. 

* Aided by grants from the Damon Runyon Memorial Fund for Cancer Research, 


Inc., and the Cancer Research Funds of the University of California. A preliminary 
report of this work has been presented (Federation Proc., 14, 266 (1955)). 
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It was also observed that glutamine stimulates the incorporation in ity 
of other amino acids into Ehrlich ascites cell protein. This effect appeared | 
similar to the observation of Borsook and coworkers (8) in which a fey § 


amino acids, particularly histidine, caused an increase in the incorporation 
of other amino acids into reticulocyte hemoglobin. These authors indi. 
cated that the stimulating amino acids were in limiting supply for protein 
synthesis in the cell. It was therefore of interest to ascertain whether the 
endogenous supply of glutamine can become limiting, the possible caug 


of this limitation, and the manner by which glutamine brings about the [ 


stimulation of amino acid incorporation into protein. 


Methods 
The procedures employed were those described previously (4), with vari- 


ations as indicated in individual experiments. Incubations were performed F 
in air unless otherwise indicated. ‘The pi-methionine sulfoximine was ob- 
tained from the California Foundation for Biochemical Research, Lo } 
Angeles. The other non-radioactive racemic amino acids were purchased § 
from the Nutritional Biochemicals Corporation, Cleveland. The a-amino 
8-chlorobutyric acid was synthesized from pL-threonine according to Kino. 
shita and Umezawa’s (9) modification of the method of Fisher and Raske [ 
(10). The radioactive amino acids were the same as those previously de | 
scribed (4) with the addition of pt-methionine-2-C™ (2.1 ye. per mg), f 


which was obtained from ‘Tracerlab, Inc,, Boston, L-Glutamine was ob. 
tained from the Mann Research Laboratories, New York,  pi-Glutamine, 


unlabeled, and labeled at 1-C™ (0,09 ve, per mg.) or 2-C" (3.5 pe, per mg), 


waa synthenzed by the method of King and Kidd (11), Paper chromatog © 
raphy of glutamine samples indicated that the natural material contained 


a trace of glutamate but that the synthetic product did not. 


RESULTS AND DISCUSSION 
Inhibition of Protein Synthesis by Methionine Sulfoximine 


Non-Competitive Nature of Inhibition—Methionine sulfoximine (MSOI & 


non-competitively inhibited the incorporation into protein of leucine, val: 


ine, phenylalanine, lysine, and methionine. At the concentrations used, it 7 
had no effect on oxidation of endogenous substrates or on anaerobic gly- © 
colysis. Glutamine prevented the inhibition when present in low concen- & 
trations, and also stimulated the incorporation by 20 to 50 per cent above | 


the uninhibited control. This effect is shown for the incorporation of — 
leucine, valine, and phenylalanine in Fig. 1, and was also obtained with | % 
lysine and methionine. The similarity in of inhibition (approx: 
mately 50 per cent) for the incorporation of all amino acids against which 
MSOI was tested is shown in Table I. These data are consistent with the ; 
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n vil postulation that the part of the incorporation process which was inhibited 
reared must be identical with the part which is normally formed by de novo syn- 
= thesis, rather than by an exchange mechanism. The nature of the inhibi- 
Tation 
tes Leucine Valine 
In 
er the 
Cause 
ut the 
1 vari 
ormed 
10 
J Amino Acid Molarity 
pine : Fia. 1. Double inverse plot, showing the non-competitive inhibition of leucine, 
pis - valine, and phenylalanine incorporation into Ehrlich ascites cell protein by pi-me- 
Kino- f thionine sulfoximine. Curve 1, inhibition by 2 X 10-5 m methionine sulfoximine; 
Raske — Curve 2, uninhibited incorporation; Points 3, prevention of inhibition and stimula- 
ly de. tion by L-glutamine, in presence of 2 X 10-3 m methionine sulfoximine plus 5 X 10~¢ 
mg.) mM glutamine or 5 X 10° m glutamine, respectively. Incorporation is expressed as 
ee 4 micromoles of amino acid incorporated per gm. of protein during the 15 minute ineu- 
bation period, ‘The concentration of the radioactive amino acids was 1 & 10° Mm, 
Taniun | 
aALog Inhibition of Amino Acid Incorporation into Ehrlich Ancites Cell Protein by 
Methionine Sulforimine and Ita Prevention by Glutamine 
Incorporation 
Experiment Amino acid, With With elutami 
Uninhibited | With glutamine, methionine 10 ond 
control 5 sulfoximine, | methionine sulfoxi- 
1801 mine, 2 10-9 
SOL) 
aly 1 Leucine 2.45 55 120 
J Valine 1.74 50 124 
oncen: Lysine 1.89 48 145 
above | Phenylalanine 0.78 56 139 
ion of © Methionine 0.61 59 129 
1 with 2 Lysine 1.28 130 53 120 
wae bi Phenylalanine 0.80 126 57 135 
, hich Ds Methionine 0.53 112 59 123 
W 
The incubation period was 15 minutes. 
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tion was further studied with use of the incorporation of valine as a tes 


system. 


Percent Activity 


Methionine Sulfoximine, Molarity x 10° 


Fic. 2. The effect of concentration of pt-methionine sulfoximine upon the incor. 


poration of valine into Ehrlich ascites cell protein. 100 per cent represents 1.2 ,. 
moles of valine incorporated per gm. of protein during the 15 minute incubation 
period. Radioactive valine concentration was 1 X 107? mM. 
S 10} Valine only 
= 
With MSO! 
With a-NH,-B-Cl 
butyric acid 


Time in Minutes 


hia, 3, The effeet of methionine sulfoximine and amino f-chlorobutyre 
acid upon the rate of valine incorporation into Ehrlich ascites cell protein, At the 
valine concentration of 14 104m, al 10% solution of amino f-chlor 
butyric acid prepared from pt threonine produced approximately 50 per cent inhibi 
tion, The methionine aulfoximine concentration waa 2%  Ineorporation hs 
expressed as in Fig, 1, 


Effect of MSOI Concentration upon Extent of Inhibition—As shown in 
Fig. 2, the maximal extent of inhibition over a wide range of MSOI con- 
centrations was approximately 50 per cent. The nature of that fraction 
of valine incorporation which was not inhibited by MSOI is being further j 
investigated. 

Time-Course of Inhibition—The inhibition occurred almost immediately fi 
upon addition of the cells to the medium containing MSOI. In this re ‘ 
spect, MSOI resembled other amino acid antagonists (4), rather than dini- 
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trophenol, which required a considerable induction period (12). Fig. 3 
shows that a marked inhibition of protein synthesis is already evident 5 
minutes after MSOI is added to the cells. Incubations shorter than 5 
minutes indicated that an induction period of 1 to 2 minutes may be re- 
quired for MSOI to exert its maximal effect. 

Effect of MSOI upon Incorporation of Intracellular Valine—To ascertain 
whether the inhibitory action of MSOI was exerted upon the intracellular 


TABLE II 


Inhibition of Intracellular Valine* Incorporation into Ehrlich Ascites Cell Protein 
by pu-Methionine Sulfoximine and Its Prevention by L-Glutamine 


Contents of second incubation medium 


TCA, 0.05 ml. Glutamine ethionine SESESENS, 
Buffer only sulfoximine, 2 X and 

of 40 per cent 5 X 2X 10-3 glutamine, 

5S X 10°4*m 


Incorporation, 
umole per gm. 
protein per 15 
0.20 0.70 0.84 0.41 0.82 + 0.02 

+0.02f +0.02 +0.03 +0.00 

Incorporation, % 
uninhibited 
control (cor- 
rected for in- 
corporation 
prior to 2nd in- 
cubation) ©... 0 100 128 42 124 


* After one washing with buffer, the cells were shaken for 2 minutes at room tem- 
perature in buffer containing radioactive valine, O32 mg., 7.5 They 
were Washed again twies with buffer, and aliquots were pipetted into individual flanks 
for necond incubation of 16 minutes, 

| Devintion from the mean of duplieate incubations 


Uhlization of valine, or upon its permeability, an intracellular valine pool 
was provided by short exposure of the cells to a medium contaming radio- 
active valine, The cells were subsequently washed with non-radioactive 
buffer (4). A second incubation was then performed in the presence and 
absence of MSOI. Under these conditions, any inhibition by MSOIT of 
the incorporation of valine into protein during the second incubation pe- 
riod must be exerted upon the utilization of intracellular valine. The data 
in Table II show that both the inhibition of incorporation by MSOI and 
its prevention by glutamine occurred intracellularly. Glutamine also stim- 
ulated the incorporation above that in the uninhibited control in this prep- 
aration. 
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Effect of Inhibition upon Incorporation into Both Soluble and Particulate 
Proteins—In view of the observation that protein synthesis is associated 
with the particulate matter of cells, especially the microsome fraction (13), 
it was of interest to ascertain whether the inhibition resulted in an accumt. 
lation of radioactivity in protein existing in a preliminary stage of forma. 
tion and associated with this particulate fraction (14, 15). 

To determine this, incubations performed in the presence and absence of 
MSOI were stopped by placing the Warburg flasks in chipped ice. The 
cells were then transferred with their medium to Lusteroid tubes, which 
were immersed one at a time in a cup of the9 ke. Raytheon magnetostric. 
tion oscillator containing 25 ml. of buffer. A 3 minute exposure at full 


TABLE III 
Effect of a-Amino-8-Chlorobutyric Acid and Methionine Sulfozimine upon 
Distribution of Incorporated Valine among Particulate 
and Soluble Proteins of Ehrlich Ascites Cells 


Incorporation, umoles per gm. protein per 15 min. incubation period 


With a-amino-§-chlorobutyric With methionine sulfoximi 
Uninhibited control acid, 1 X 10-2 10-8 ximine, 
Soluble Particulate Soluble Particulate Soluble Particulate 


0.90 + 0.03* | 0.90 + 0.01| 0.45 + 0.01] 0.48 + 0.01| 0.50 + 0.02, 0.56400 


The radioactive valine concentration was 1.4 X 10-4 M, a concentration at which & 


its incorporation was inhibited approximately 50 per cent in the presence of 10 | 
a-amino-f-chlorobutyric acid. 
* Deviation from the mean of duplicate incubations. 


power was sufficient to disrupt all of the cells. Centrifugation of this dis 
persion at 100,000  g for 1 hour in a Spinco ultracentrifuge divided it into | 


a pellet containing the insoluble protein of the cellular particulate matter | 


and a supernatant solution containing the buffer-soluble protein, ‘The pos — 
sibility that a portion of the particulate protein was rendered soluble by 7 


this treatment cannot be excluded, 

‘The distribution of radioactive valine when ita incorporation in uninhib 
ited and when it in inhibited by the valine analogue, a-amino-/-chloro 
butyric acid, or by MSOT ia presented in Table TIL. No preferential 
mulation of radioactivity in the particulate protein fraction of the inhibited 
cella is evident, 

Inhibition and Its Prevention under Anacrolic Conditions— Ehriich aseites 


cells incorporate radioactive amino acids anaerobically under conditions o | 
active glycolysis (12). MSOI again inhibited valine incorporation by # © 


per cent under these conditions. The inhibition was prevented by glut F 


! 
3, 


| 
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mine (Table IV). However, incorporation supported by anaerobic gly- 
colysis was not stimulated by glutamine. 


Prevention and Relief of Methionine Sulfoximine Inhibition 
3 of Protein Synthesis 


Specificity of Glutamine—Glutamine was specific for preventing MSOI 
inhibition. At comparable concentrations, reduced glutathione, gluta- 
mate, a-ketoglutarate, and asparagine were without effect. However, it is 
not certain that they were all effectively absorbed. As might be expected, 
glutamine did not prevent the inhibition of phenylalanine incorporation 


TABLE IV 


Inhibition of Valine Incorporation under Anaerobic Conditions* by 
Methionine Sulfozimine and Its Prevention by Glutamine 


Incorporation, wmoles per gm. protein per 15 min. incubation period 


With glutamine With methionine sulfoximine, 
Uninhibited With methionine 2 X 107% mw, and 
control 
utamine, u ine, 
5 X 10-4 5 X 10-5 Glutamine Glutamine 


1.73 + 0.06f | 1.75 + 0.02; 1.72 + 0.02, 0.92 + 0.02, 1.76 + 0.00 1.76 + 0.06 


* All the flasks were gassed with 95 per cent N2-5 per cent CO. for 10 minutes be- 
fore cells were tipped in from the side arm. Glucose, 1.5 X 10-2 M, and radioactive 
valine, 1 X 10-3 M, were initially present in all the flasks. 

t Deviation from the mean of duplicate incubations. 


by o-fluorophenylalanine (4) or of valine seep emcaneen by its analogue, 


a-amino-§-chlorobutyric acid. 


Reversibility of MSOT Inhibition by Glutamine—In addition to preventing 


MSOI inhibition, glutamine could relieve this inhibition when it was sub- 
- sequently added to the inhibited system. Moreover, after incubation of 
_ the cells with MSOI, the addition of glutamine stimulated the incorpora- 


- tion of valine to a level greater than that observed after the cells had been 
incubated in the buffer alone, The time-course of this phenomenon (Pig, 


4) indieaten that, after addition of radioactive valine and glutamine from 
the Warburg flask mide arm, the inhibitory effeet of MSOL wan relieved in 


the first G minutes, ‘The rate of incorporation then increased no that, af- 


ter the second 6 minute mterval, the cella preincubated with MSOT had a 
radioactive valine content 40 per cent above those preincubated in’ the 


_ medium alone, This stimulation subsequent to the relief of an inhibition 


» resembles the process of overcompensation frequently observed in physio- 


_ logical processes. It may arise from the accumulation of some type of 
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intermediate, the concentration of which usually limits the rate of proteip 
synthesis. 

Since glutamine could relieve a previously occurring inhibition, it wag of 
interest to ascertain whether the inhibition by MSOI could take place in, 
vivo, and be demonstrated together with its relief an vitro. Tumor-bear; 
mice were therefore injected intraperitoneally with 5 mg. of MSOI, 9 
hours after the injection, the animals were sacrificed and the tumor cel 
removed and washed. The washed cells were then incubated with radio. 
active valine in the absence and presence of glutamine. The data in Table 
V indicate that MSOI can exert its inhibition in vivo, and that this inhibj- 
tion can be relieved by glutamine in vitro. Although the level of MSO 


Preincubated in MSOI 
oL 
ro) 
19 
Patong Preincubated in 
< buffer only 
2 6 8 10 2 


Time in Minutes 
Fic. 4. Stimulation of valine incorporation into Ehrlich ascites cell protein fol- 
lowing incubation of the cells with pL-methionine sulfoximine. The incubation pe- 
riod with 2 X 10-* m methionine sulfoximine in buffer, or in buffer alone, was 30 min- 
utes. Radioactive valine, 1 X 107? m, and t-glutamine, 5 X 10-4 m, were added 
together to the incubated cells as indicated. 


used had no apparent effect on the injected animals during the 2 hour} 


prior to sacrifice, it was found to be toxic in 24 hours. 


Concentration of Glutamine for Preventing MSOI Inhibition—Very lov 
concentrations of glutamine were sufficient to prevent MSOI inhibition | 
Also, the concentration of L-glutamine required to prevent inhibition com- | 


pletely, 5 &X 10-5 M, was independent of MSOI concentration (Fig. 4). 


In addition, a glutamine concentration of 1 X 10-* M, which only partially ¥ 


reversed the inhibition, was equally effective against both high and lov 
levels of MSOI. Essentially the same results were obtained when the ir 


corporation was supported by anaerobic glycolysis. ‘This ability of gluta © 
mine to prevent MSOI inhibition non-competitively is similar to the result? 
of Waelsch ef al, (16), who reported that glutamine non-competitively teF 


lieved methionine sulfoxide inhibition of the growth of Lactobacillus arah 


nosus, and attributed the action of this antagonist to the inhibition d~ 
glutamine synthesis, Similar interpretations of the action of glutamine ie 
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other systems have been reported by several investigators (17-19). Since 
MSOI has been shown to be an inhibitor of glutamine synthesis (20), 


TABLE V 
Effect of Intraperitoneal Injection of pu-Methionine Sulfozimine upon 
Subsequent Incorporation of Valine in Vitro into 
Protein of Ehrlich Ascites Cells 


Incorporation, umoles per gm. protein 
per 15 min. 

In buffer only 

Uninhibited control............................. 1.47 + 0.01* 1.80 + 0.07 
Cells treated with methionine sulfoximine in 

Cells from tumor-bearing mice injected with 5 
mg. methionine sulfoximine 2 hrs. prior to sac- 


The incubation in vitro with radioactive valine, 1 X 10-3 M, was for 15 minutes. 

* Deviation from the mean of duplicate incubations. 

t 5 mg. of methionine sulfoximine were incubated for 2 minutes at room tempera- 
ture with the cells of each mouse in their ascitic fluid. The cells were then washed 
three times with buffer. 


-4 

4xlO MMSOl 
= 
2x iO” M MSOl 
50 
[ 


5 10 
Glutamine Molarity x lO 


Fic. 5. u-Glutamine concentration requirement for prevention of pi-methionine 


 sulfoximine inhibition of valine incorporation into Ehrlich ascites cell protein at 


three inhibitor concentrations. 100 per cent represents 1.35 wmoles of valine incor- 


| porated per gm. of protein during the 15 minute incubation period. 


| there is a possibility that it acts in this manner with the Ehrlich ascites 
cell, Tf this is the case, MSOT should not antagonize the incorporation of 


radioactive glutamine into the protein of the Ehrlich ascites cell, 
of upon Incorporation of Radioactive incor- 


| poration of radioactive glutamine (Table VI) was not inhibited when it 
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was present at concentrations too low effectively to prevent MSOIT inhitj. 
tion of valine incorporation. ' These results, together with those shown ip 
Fig. 5, demonstrate that the locus of MSOI inhibition is at the site of gluta. 
mine synthesis and before that of protein synthesis. This inhibition bring 
about a deficiency of glutamine in the Ehrlich ascites cells and thus dimip. 
ishes their ability to form protein. Since the inhibition occurs immediately 
upon the addition of MSOI (Fig. 3), it may be concluded that the synthesis 
of protein by the Ehrlich ascites cells is linked to the synthesis of glutamine. 


TABLE VI 
Absence of Inhibition by pu-Methionine Sulfozimine of Glutamine-2-C™ 
Incorporation into Protein of Ehrlich Ascites Cells 


Incorporation, wmoles per gm. protein per 15 min. 


Valine-C%, glu- Valine-C2 
tamine-Cl and Valine-Cs and glutamine, 
methionine utamine- an ionine 
sulfoximine sulfoximine 


Valine-C™ and 
Valine-C™ glutamine-C!2 


1.04 + 0.01* | 1.05 + 0.04 0.58 + 0.01) 0.72 + 0.03) 0.28 + 0.01) 0.26 + 0.0 


Concentrations of corresponding labeled and unlabeled compounds are identical. 
pL-Valine, 1 X 10-3 Mm; pu-glutamine, 2 X 10-5 m; pL-methionine sulfoximine, 2 x 
10-?m. The incubation was carried out for 15 minutes with a gas phase of 95 per 
cent N:-5 per cent CO: and glucose, 0.015 m (12). Anaerobic conditions were used 
to prevent formation of glutamine-C™ oxidation products. However, it cannot 

be certain that all the label in the protein is due solely to incorporated glutamine. 
'  * Deviation from the mean of duplicate incubations. 


Stimulation of Amino Acid Incorporation by Glutamine 


Destruction of Glutamine by Ehrlich Ascites Cells—The failure of the 
Ehrlich ascites cells to maintain a reserve of glutamine may be due toa 
rapid destruction of this material by the cells. Evidence for such destruc- 
tion was obtained when it was found that aerobic incubation of glutamine 
with the Ehrlich ascites cells reduced its subsequent ability to prevent 


MSOI inhibition (Table VII). Similar results were also obtained under § 


anaerobic conditions. Paper chromatograms of deproteinized extracts of 
cells incubated with glutamine showed an increased level of glutamic acid, 
indicating that at least part of this destruction may be due to glutaminase 
activity. 

Specificity of Glutamine Activation—After a preliminary aerobic incubs- 
tion of the cells had been performed in order to destroy traces of endogenous 
glutamine, added glutamine became more effective in stimulating the in- 
corporation of valine. In a representative experiment, addition of gluta- 
mine after preincubations for 5, 30, and 60 minutes resulted in increases 
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of valine incorporation of 25, 55, and 90 per cent, respectively. Under 
these conditions, asparagine, reduced glutathione, and glutamic and a-keto- 
glutaric acids at comparable concentrations were completely ineffective. 

When glutamine was added to respiring cells after a 1 hour incubation, 
the oxygen uptake during the next 15 minutes did not increase above the 
endogenous level. However, at present the possibility cannot be excluded 
that glutamine may in part support incorporation by supplying oxidative 
substrates. 


TABLE VII 


Decreased Effectiveness of L-Glutamine Preincubated Aerobically with 
Ehrlich Ascites Cells in Preventing pu-Methionine 
Sulfozimine Inhibition of Valine Incorporation 


| the subject of speculation (21). 


Contents of medium during preincubation period 
Buffer only Buffer only Buffer only Buffer only 
: : Addition from side arm for incubation period, with 
DL-valine-C, 1 X final concentration 
Methi Meth 5 
ethionine : ethionine “4M an 
sulfoximine, sulfoximine, methionine 
10-3 2X 107m sulfoximine, 
2X 10°? 
per cent per cent per cent per cent per cent 
53 134 89 128 
2 | 100 69 192 89 182 


* 100 per cent represents 1.80 and 1.30 uwmoles of valine incorporated per gm. of 
protein in Experiments 1 and 2, respectively. Experiments 1 and 2 had 15 and 30 
minute preincubations, respectively; the second incubation period was 15 minutes 
in both experiments. 


Réle of Glutamine in Transpeptidation—The possible mediation of the 
peptide bond of glutamine as a source of energy in protein synthesis has been 
It seemed pertinent, therefore, to ascer- 
tain whether glutamine could furnish energy in this manner. Under ana- 
erobic conditions, under which incorporation of amino acids can be sup- 
ported by glycolysis (12), various concentrations of glutamine were 
completely ineffective for supporting incorporation in the absence of glu- 


cose. Also, the presence of glutamine did not extend the anaerobic incor- 


poration beyond its characteristic abrupt termination, which coincides 
with the exhaustion of glucose (12). From these negative findings, it would 
appear that the Ehrlich ascites cell cannot utilize the energy of the amide 
linkage of glutamine for the incorporation of valine into protein, 


hibi. 
lute- 
in 
in. 

| 
13 
Cu 
onine 
ne 
0.00 
ical. 
2 X 
) per 
used | 
nnot 
ine. | 
the 
0a 
rue. 
rine 
ent 
der 
of 4 
cid, 
ba- © 
in- 


890 GLUTAMINE AND PROTEIN SYNTHESIS 


The absence of transpeptidation was also indicated by the failure | 


detect radioactive spots other than valine in radioautographs of paper chro. 
matograms of deproteinized cell extracts after incubation of the cells with 
glutamine and radioactive valine. 

In addition, it should be mentioned that only in extracts of Basil 
subtilis, an organism which can synthesize and degrade (22) a polyglutamic 
acid, does glutamine undergo a transpeptidation reaction with another 
amino acid (23). In all other cases, this transformation required a y-gly. 
tamyl peptide. Thus, regardless of the possible rédle of transpeptidatio; 


TABLE VIII 


Glutamine Stimulation of Valine Incorporation into Protein of Preincubated 
Ehrlich Ascites Cells under Conditions of Anaerobic Glycolysis 


Contents of incubation medium, pt-valine-C"™ plus 
Experiment No. 
| Glucose Glucose and glutamine Buffer only 
per cent per cent per cent 
1 100* 140 1.4 
2 100 164 | 1.4 


The cells were preincubated in Warburg flasks for 45 minutes in buffer (12) with%} 


per cent O2-5 per cent CO: as the gas phase. The flasks were then gassed with 9% 
per cent N:2-5 per cent CO: for 15 minutes, the side arms, containing radioactive val- 
ine and additional substrates as indicated, were tipped, and the incubation was 
performed anaerobically during the next 15 minutes. Concentrations were p1- 
valine, 4,4’-C'4, 1 X m; glucose, 1.5 X 10°? M; L-glutamine, 5 X 10°‘ 

* 100 per cent represents 1.23 and 1.18 wmoles of valine incorporated per gm. oi 
protein in Experiments 1 and 2, respectively. 


in protein synthesis, it seems most improbable that glutamine is involved 
in this process in the Ehrlich ascites cell. 
Réle of Glutamine As Limiting Amino Acid—The destruction of gluta- 


mine may make it a limiting amino acid in protein synthesis by the Ehriich © 
ascites cell. If this were true, glutamine should stimulate the incorpor- | 


tion of valine anaerobically as well as aerobically. 


We have indicated in Table IV that glutamine did not stimulate valine = 
incorporation when the incubation was carried out immediately under ana 7 


erobic conditions. However, when the cells were maintained under con 


ditions of anaerobic glycolysis for 30 minutes, subsequent addition of glu- ‘ : 
tamine together with valine stimulated incorporation to about 15 to 2) 


per cent above that obtained by the addition of valine alone. 


In order to potentiate any anaerobic stimulation, the endogenous gluts- 
mine was decreased by a preliminary aerobic incubation in a Krebs-Ringe 


phosphate-bicarbonate buffer (12) with an oxygen-carbon dioxide gas phae 
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’ The gas was then changed to nitrogen-carbon dioxide and the incorporation 
’ of valine was supported by anaerobic glycolysis in the absence and pres- 


ence of glutamine. The above treatment does cause a marked stimulation 
by glutamine of valine incorporation (Table VIII). The fact that gluta- 
mine can stimulate incorporation anaerobically as well as aerobically is in 
agreement with the concept that the metabolic destruction of endogenous 
glutamine renders this amino acid limiting for protein synthesis in the 
Ehrlich ascites cell. 

Equivalence of MSOI-Resistant Incorporation with That Not Requiring 
Glutamine—The maximal extent of MSOI inhibition of amino acid incorpo- 


2 c 
=|® Valine} and 
only MSO! MSOI 
Oo 
= 
With 
Immediate i Hour pre- 
Incubation Incubation 


Fig. 6. Resistance of residual valine incorporation tc methionine sulfoximine 
inhibition after aerobic preincubation of Ehrlich ascites cells. The cells were pre- 


_ incubated in buffer for 1 hour. The subsequent incubations in the presence of radio- 


active valine, methionine sulfoximine, and glutamine were for 15 minutes. The 
concentrations were DL-valine, 4,4’-C'4, 1 K 10-3 mM, pL-methionine sulfoximine, 2 X 
10-3 m, and L-glutamine, 5 10-4 


/ ration was approximately 50 per cent (Fig. 2). Similarly, after aerobic 
> preincubation of Ehrlich ascites cells for 1 hour, the incorporation of valine 
_ in the absence of glutamine was about 50 per cent of that in its presence. 
» This residual incorporation after such an incubation may possibly not re- 
| quire glutamine for the incorporation of other amino acids. If this were 


the case, such residual incorporation should be insensitive to MSOI. As 
is shown in Fig. 6, such a relationship was found to exist. The nature of 
the incorporative activity which is resistant to both MSOI and preliminary 


’ incubation of the cells is not clear. 


Conclusion 


The results reported here may be interpreted in terms of the endogenous 
glutamine economy of the Ehrlich ascites cells under in vitro conditions. 
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These cells carry out the aerobic destruction of glutamine so rapidly thy 


the rate of synthesis of this material is not sufficient to maintain it at leye; 
which are optimal for protein synthesis. This low cellular reserve of gh. 
tamine permits an immediate inhibition of protein synthesis when glut. 
mine formation is inhibited by methionine sulfoximine. The stimulatio, 
of amino acid incorporation by added glutamine can also be explained b; 
the low cellular supply of glutamine. 

There appears to be no necessity for assigning a réle for glutamine in the 
protein synthetic mechanism other than as a constituent amino acid ¢ 
protein. The carbon of labeled glutamine is readily incorporated into pro. 
tein of the Ehrlich ascites cell (Table VI). It also has been shown by Barr 
(24) to enter casein without prior hydrolysis of the amide bond, thus ind. 
cating that the réle of glutamine in the synthesis of this protein is not asg. 
ciated with transpeptidation. 


We wish to thank Dr. J. M. Barry of the Department of Agricultur | 
Oxford University, England, for his generous gift of pi-glutamine-1-C" } 
and Dr. M. Rothstein of this department for preparing pL-glutamine-2-C", } 
Mr. Bruce McCormick furnished capable technical assistance during the 


course of this investigation. 


SUMMARY 


1. Methionine sulfoximine non-competitively inhibits the incorporation | 


in vitro of radioactive leucine, valine, phenylalanine, lysine, and methionin 
into Ehrlich ascites cell protein. Glutamine specifically prevents and re. 


lieves the inhibition. It also stimulates the incorporation of radioactive | 


amino acids above the uninhibited control. 


2. One low concentration of glutamine is equally effective against inhibi- | 


tion caused by several levels of methionine sulfoximine. Methionine sulf- 


oximine does not inhibit the incorporation of radioactive glutamine into 


Ehrlich ascites cell protein. Its action appears to be at the site of glu © 


tamine synthesis. Since the inhibition by methionine sulfoximine occur | 
immediately upon its addition, it is concluded that the synthesis of protein | 


is linked to the synthesis of glutamine. 


3. Ehrlich ascites cells rapidly destroy added glutamine. Endogenou: : 
glutamine also appears to be destroyed because a preliminary incubation | Pe: 


of the Ehrlich ascites cells increases the subsequent stimulation of amino — 
acid incorporation by glutamine. This stimulation can be observed under 
anaerobic conditions in the presence of glucose. However, the glutamine 


amide bond alone does not furnish energy for amino acid incorporation 3 


under anaerobic conditions and does not participate in a transpeptidation 
mechanism. 
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4. The results are interpreted in terms of a rapid destruction and slow 


synthesis of glutamine, which then acts as a limiting component amino 
acid involved in protein synthesis. 


bo 
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EXCRETION OF GLYCOLIC ACID BY ALGAE 
DURING PHOTOSYNTHESIS* 


By N. EK. TOLBERT anp L. P. ZILL 


(From the Biology Division, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee) 


(Received for publication, February 10, 1956) 


Although pure cultures of algae, in nutrient solution, have been used 
extensively in research on photosynthesis, the excretion of products into 
the medium has not been reported, despite their possible importance in 
the physiology and biochemistry of such cultures. The present investiga- 
tion with the C" tracer has revealed a significant, and apparently functional, 
secretion of glycolic acid by Chlorella into the growth medium under aero- 
bic conditions, concurrent with CO2 uptake during photosynthesis. In 
— nutrient solutions, below about pH 4.5, Chlorella loses other cell constitu- 
ents, particularly sucrose. 


Procedures 


Culturing and Labeling of Chlorella with C'*—Chlorella pyrenoidosa 
_ (Emerson strain) was grown in 1 to 1.3 liters of the Knops nutrient solution 
_ in 4 liter, shake culture flasks through which flowed air containing about 
_ 4 per cent of COz. The algae received continuous illumination from a 
| bank of red neon tubing supplemented by a small amount of blue fluores- 
- cent light. Since these conditions produced no significant amount of heat, 
_ the cultures were shaken without water cooling in a room at about 21-23°. 
_ Rapid growth of the algae permitted the harvesting of 80 to 90 per cent of 
the culture each day, the yield from each flask being about 4 to 6 ml. of 
packed cells. The harvesting operation consisted in removing the algal 
_ suspension aseptically with the aid of a vacuum and replacing it with an 
- equal volume of fresh nutrient solution. The algae were centrifuged at 
_ 10°, washed once in water, and again centrifuged in graduated tubes for 
10 minutes at full speed in an International clinical centrifuge. The cells 
were resuspended in water, nutrient solution, or other designated medium, 
at a density of 1 ml. of packed cells per 100 ml. This culture was aerated 
and kept at 23° with exposure to at least 1000 foot-candles of light. For 
~ most experiments, 3 ml. aliquots of this final suspension were used, and no 
- experiments were run with cultures that had been harvested longer than 
5 hours. 

. im Work performed under contract No. W-7405-Eng-26 for the Atomic Energy Com- 
mission. 
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The 3 ml. aliquot of algal suspension was placed in a flattened test tube 
the sides of which were about 0.5 cm. apart so that the suspension was diy. 
tributed over about a 6 sq. cm. area. These tubes were mounted in, 
water bath at 23° and illuminated with at least 2000 foot-candles of ligh 
from each side by a reflector flood lamp. The cultures were allowed ty 
come to a steady state condition during 30 minutes of exposure to air q 
to a designated concentration of CO: in air. At zero time, 25 ue. of (2 
per cent C') NaHCO; in 25 yl. of solution were injected into the suspen. 
sion. The tubes were closed and shaken during the C" fixation period, 

Separation of Algae from Culture Solution—The cells were separated fron 
the medium on a Super-Cel (Johns-Manville, New York) column 2 to} 
cm. long and slightly less than 1 sq. cm. area. Retardation of flow rat 
by the formation of an algal layer on the column was prevented by mixing 
the cells with the upper layer of Super-Cel. Vacuum was applied to the 
column through two receiving flasks, and effluent could be directed into 


either receiver by a two-way stopcock. At the end of the C" fixation p f 


riod, the cell suspension was poured on the column, and the supernatant f — 


fluid and 2 to 3 volumes of wash water were collected in one receiving flask. | 


The total time required for the separation of the cells from their medium 
was 5 to 10 seconds. Methanol at room temperature was immediately 


poured on the column in order to kill and extract the cells rapidly. Subse. f 
quent alternate washings, first with methanol and then with water until f 


no more C"! was eluted, were collected in the second receiving flask which 
thus contained the total C™ in the extractable constituents of the cell 


When the column was essentially free of chlorophyll, extraction of C'} ~ 


was complete. Boiling methanol gave results similar to those with metha- | 


nol at room temperature. Bassham and Benson! have also found that 
Chlorella is killed as effectively and rapidly with cold methanol as with 
hot methanol or ethanol. 

Analyses of Total C4 Fixed and C“ Products—The supernatant fluid from 
the cells and the soluble extract of the cells were adjusted with HCl to a 
acid pH (red to added methyl] orange indicator) and aerated vigorously 
for 1 hour with CO, to remove excess C“O2. Aliquots of each were ther 


counted for total fixed C" after being adjusted with KOH to a yellow colo 


with the indicator (about pH 6). Aliquots were also analyzed by pape 
chromatography, water-saturated phenol being used as the first solvent 


and butanol-propionic acid-water (1) as the second. Compounds wer ™ 
located by autoradiographs made with “‘no-screen” x-ray film, after which 


they were counted with a Geiger tube. 


Chromatographic Analysis for Glycolic Acid—Although glycolic acid §| 
1 Bassham, J. A., and Benson, A. A., University of California, Berkeley, persons! | 


communication. 


fe 


development. 
| chromatograms with NaOH solution while they were drying. 
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not nearly so volatile as acetic acid, on paper chromatograms the free acid 
is lost rapidly enough to make its quantitative chromatography and auto- 
radiography uncertain. In previous chromatographic investigations on 
the function of glycolic acid in plant metabolism (2), autoradiographs were 
made as quickly as possible for a record, during which time an undeter- 
mined portion of the glycolic acid was lost from the paper. In fact, glycolic 
acid in the chromatographic system used is unique in that no other acid 
has been detected at its Ry value, and that a substantial amount of it dis- 
appears during a 2 months exposure to x-ray film. Column chromatog- 
raphy of organic acids on Celite columns (3) also has been used to identify 


and isolate the glycolic acid. 


TABLE I 
Loss of Glycolic Acid from Paper Chromatograms 


Glycolate Recovery af : 
Ch t hi lvent R t ecovery aiter development and 
F radionutography 
c.p.s. per cent 
| Butanol-propionic acid-water......... 0.58 60 60 after 2 wks. 
Water-saturated butanol plus ethyl- 
amine atmosphere.................. 0.27 156 wk. 
| 50 sie 6 wks. 
Butanol saturated with 1.6m NH,OH.. 0.05 
100 ml. of ethanol, 2 ml. of concen- | | 


Both glycolic-1-C"™ and glycolic-2-C™ acids were used to study the ana- 
lytical procedures. Before use, these preparations were chromatographed 


on Celite columns to separate them from impurities that had accumulated 


by radiation decomposition since their synthesis in 1948 (4). The recovery 
was only 33 per cent, the major contaminants being formic-C"™ and oxalic- 
acids. 

In studies with tracer amounts of glycolic-C™ acid applied to paper 


chromatograms as salts, 40 + 10 per cent of the acid was lost during de- 


velopment of the chromatograms and the 2 week exposure period to the 
x-ray film (Table I). From 1 to 8 per cent of the acid was lost during 
The rest of the loss could be prevented by spraying the 


Alkaline solvents were not satisfactory for paper chromatography for 


several reasons: (a) in solvents containing NaOH or KOH the organic acids 
: and other constituents of the plant do not separate well, (b) solvents that 
_ contain ammonium hydroxide or ethylamine suffer the same disadvantage, 


x and (c) in addition, glycolate-C™ is lost from such chromatograms (Table 
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I). At the Ry for glycolate, an acid reaction on the paper chromatogram | 
was obtained with bromocresol green spray. The ammonium and ethyl. | 
amine glycolate salts apparently hydrolyze on the paper chromatograms | 
in the moisture from the air to give the volatile-free bases and the less | 
volatile-free acid. 

As a result of these difficulties, the paper chromatographic analyses of } 
the whole cells gave only rough estimations of the amount of glycolic acid, 
based on corrected counts or visual inspection of the autoradiographs, 
Since the C"™ activity in the media at pH values above 5.5 was all present 
as glycolate, counting of a neutralized aliquot gave accurate values for the 
total amount of this anion that was excreted; chromatography was used 
only to check for the presence of other compounds. 


Results 


General Observations of Phenomenon and Identification of Glycolic Acid— 
A large amount of only one C-labeled compound was present on chromato- 
grams of the supernatant media from Chlorella cells that had fixed C¥0, 
near a neutral pH for a short period of time. The Ry values were thos 
of glycolic acid, and part of the radioactivity sublimed off the paper chro- 
matograms within a few weeks. The radioactive material was cochro- 
matographed with authentic glycolic acid in several solvents. The 
compound, without carrier, was extracted with ether from the algal culture 
fluid in sufficient quantities to give an acid reaction when chromatograms 
of it were sprayed with bromocresol green. The unknown gave a purple} 
color test with 2,7-dihydroxynaphthalene in acid solution (5). It was}, 
eluted from H2SO,-Celite columns, developed with chloroform-butanol, | _,, 
at the effluent volume where only this acid has been reported (3) and the} , 
eluent gave color tests for glycolic acid. d 

Chromatograms of the soluble extract from the Chlorella cells revealed | ,, 
the photosynthetic products reported by many other investigator. | 
Glycolic acid is always present in the extracts of Chlorella as well asin |, 
extracts from higher plants (6). Under normal conditions, however, the F  ,, 
supernatant solution from Chlorella contains 10 to 100 times as much 
glycolate as the cells. . 

Separation and Determination of Glycolate from Mass Cultures of Chlorella’ , 
—A 10 ml. aliquot of Chlorella culture was centrifuged and glycolate wa , 
determined in the supernatant fluid with the use of 2,7-dihydroxynaph— ¢ 

e 
h 


thalene (5). Nitrate ion in the culture medium was found to interfere — 
with this test. It was therefore necessary to remove nitrate by passing 
the supernatant fluid, acidified with HCl to about 0.1 Nn, through a weak eS 
base anion exchanger (Dowex 3) in the hydroxide form and by washing ~ 


PS 


the column with an equal volume of 0.1 N HCl. The amount of glycolat 


4 
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varied from 3 to 8 mg. per liter of supernatant fluid from algal cultures 24 


hours old. Cultures of algae 48 hours old contained only about 1 mg. of 


glycolate per liter. 


Appreciable amounts of other acids were not found in the supernatant 
medium from actively growing Chlorella cultures 1 to 3 days old. These 


experiments were run with algae labeled with NaHCO; over a period of 


several hours. ‘The constituents in the medium were separated on Celite 
columns to establish the absence of volatile acids, such as formic or acetic 
acid. 

Effect of pH—The products and their amounts, excreted by Chlorella 
during the short-time C'Oz fixation experiments, were markedly affected 
by the pH of the media (Table IT; Fig. 1). At pH values above about 4.5, 
the radioactivity in the supernatant solution was present only in glycolate 
and varied from 5 to 10 per cent of the total soluble C" fixed during a 10 
minute photosynthesis test period. Since glycolic acid is a strong organic 
acid (pK, = 3.8), its secretion by the cells occurred at pH values at which 
it must exist as a glycolate salt. Although the total glycolate excreted 
decreased at pH values above 5.5 (Fig. 1), the total fixation decreased pro- 
portionally. The amount of glycolate excreted into a medium of pH 5.5 
or above represented a high and rather constant percentage of the total 
C" fixed (Table II). As the acidity of the medium was increased from 
pH 4.5 to 2.5, the percentage of the fixed C™ excreted as glycolate decreased 
without an equivalent increase of glycolate inside the cells. The total 
C" in the supernatant fluid increased markedly around pH 2.5. At the 
lower pH values, especially below 3.5, the increase in excreted C-labeled 
material was primarily sucrose, but there were also traces of other cell 
compounds, such as free sugars and amino acids. At these very acid con- 
ditions, the cells apparently lost the ability to retain their cytoplasmic 
components. Thus each curve of Fig. 1 represents two phenomena, one 
for glycolate excretion with a maximum at pH 5.5 and above, and one for 
loss of sucrose and other cellular compounds at the most acid conditions 
tested. 

The total C™ fixed by the Chlorella increased at the non-physiological 
acid pH values. Similar results have been reported for Scenedesmus at 


' high light intensities (7). At lower light intensities, the rate of CO. 
~ uptake by Chlorella also was more nearly constant at pH 4 to 8. The high 


fixation rates for the added NaHC"O; at the acid pH may be partially 


2 explained by the 30 minute preaeration before the test period, which would 


have removed much of the bound, unlabeled CO: from the acidic solutions. 

Effect of Age of Algae—Chlorella cultures were harvested 1, 2, or 3 days 
after heavy inoculations. The amounts of C™ appearing in the super- 
natant fluid from 1 or 2 day-old cultures are shown in Fig. 1. 3 day-old 
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cultures excreted even less C4. The 1 day-old cultures were more active | 
photosynthetically, and they also excreted a comparably larger amount | 


of C-labeled glycolate. The 2 day-old cultures and, particularly, the 
3 day-old cultures fixed less C“O2 and excreted less glycolate-C™, Thus 


TABLE II 
Effect of pH on Excretion of Glycolic Acid by Chlorella during Photosynthesis 
fixed C™ in medium 
pH of medium 
Total In medium As glycolate As sucrose 
2.5 6810 6.2 30 70 
3.5 6953 3.8 65 35 
4.4 5428 3.5 85 15 
5.5 4500 12.9 98 Trace 
6.8 1270 9.6 05 “ 
8.0 087 9.8 100 0) 


* By 3 ml. aliquot from 1 ml. of packed cells suspended in 100 ml, of water; 10 
minute photosynthesis period. Cells were from 1 day-old cultures and were pre. 
acrated for 30 minutes with air before the C'*O, experiment; pH values are the aver. 
age at the beginning and end of the experiment which may have varied as much as 
+0.3 of a pH. 

t By inspection of autoradiographs of the chromatograms. 
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rf 
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Fia. 1. Effect of age of algal culture on amount of fixed C™ excreted into the me- 
dium. O, 1 day-old culture; @, 2 day-old culture. Experimental conditions were | = 
the same as described for Table II. ; 
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the amount of glycolate excreted may directly reflect the growth and photo- 
| synthetic ability of the cultures. 


Effect of Duration of Photosynthesis—An increase in the amount of gly- 


~ eolate-C“ excretion with longer experiments indicated that the glycolate 


was labeled after the photosynthetic carbon cycle. For Chlorella, after 
2 to 5 minutes of photosynthesis with C“QOs, the specific activity of the sugar 


phosphate esters of the photosynthetic carbon cycle approaches constant 


values (8), but the increase in specific activities of related products is less 
rapid. From 2 to 5 per cent of the total soluble fixed C™ in the medium 
was excreted as glycolate after 2 minutes of photosynthesis and 3 to 10 
per cent after 10 minutes. A great variation among experiments was al- 
ways encountered. In 30 minute experiments, a further increase in the 
percentage excreted generally occurred, but the trend was not consistent. 
Experiments were usually run for 2 to 10 minutes when other variables 
were being studied. 

These data indicate that part of the newly fixed C'™ moved through com- 
pounds of the photosynthetic carbon cycle into a glycolate pool that was 
being excreted. ‘To substantiate this hypothesis, the Chlorella was treated 
with C“O, for 2 minutes, which was sufficient time to label heavily the 
direct intermediates of the photosynthetic carbon cycle (Experiment 3, 
Table IV). The culture was then aerated for 30 minutes with 5 per cent 


unlabeled CO, in air (Experiment 5, Table IV). As a result, the C™ was 


replaced by C!? while the C' moved into the products derived from the 
photosynthetic cycle. Of the C" fixed in the 2 minute period and still in 


the extractable portion of the culture, 13.6 per cent was in the glycolate 


_ of the supernatant fluid. In repetitions of this experiment, 30 to 40 per 
_ cent of the total soluble C™ fixed has been excreted as glycolate, though 


12 to 15 per cent excretion was more common. 
Effect of Nutrient and Phosphate Concentration—Chlorella excreted the 
same amount of glycolate whether resuspended in glass-distilled water or 


; in the Knops solution. The effect of the concentration of all the various 
- components of the nutrient solution has not been investigated. The data 


_ in Table III indicate that, in phosphate at relatively high molarities, the 
_ rate of CO, fixation was not immediately affected, but the amount of 
_ glycolate excretion was diminished. A 200-fold increase in phosphate 
concentration decreased glycolate excretion by about 5-fold. Thus a very 


high phosphate concentration did not prevent glycolate excretion. 
Glycolate Excretion in Presence and Absence of Oxygen and Bicarbonate 
—Excretion of glycolate by Chlorella depends on aerobic conditions, since 
it does not occur in a nitrogen atmosphere. The first two experiments in 
Table IV were identical, except in aeration conditions. In Experiment 1, 
the Chlorella culture was aerated for 10 minutes with a 99:1 mixture of 
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nitrogen and oxygen, and, in Experiment 2, only nitrogen (Linde-pur) } 
was used. The total radioactivity fixed in the subsequent 5 minutes of F 
photosynthesis in the presence of added NaHCO; was the same for both 
experiments, but glycolate excretion was markedly inhibited in the abseng 
of added oxygen. Since the experiments were conducted in the light, some 
oxygen must have been present from the photosynthesis; therefore, com. 
plete inhibition of glycolate excretion could not be expected. | 


TABLE III 
Effect of Increasing Phosphate Concentration 
Experimental condition*® Total C4 fixed | C in medium 
| 
Knops nutrient solution (0.0015 M in K2zHPQ,)........... 10,326 5.4 


*3 ml. aliquot of Chlorella suspension from 1 ml. of packed cells in 100 ml. of ole 
tion; pH adjusted to 6.8; 10 minute photosynthesis period. 


IV 
Effect of Oxygen and Carbon Diozide 
Conditions 
per cent 
1 10 min. aeration, N2-O2; 5 min. PS* 4.0 Trace 
2 5 min. PS 0.5 Large 
3 30. 4.8 Trace 
4 (3) + 30 min. in light in N2-O>2 0.1 Very large 
5 (3) +30 and air 13.6 Trace 


* PS represents photosynthetic fixation of NaHCO; under conditions described & 
in the procedures. 


The inhibition of glycolate excretion by partial anaerobiosis resulted nF 
about the same amount of glycolate accumulation in the cell as woul © 
normally have been excreted under aerobic conditions (Experiment 2, — 
Table IV). This was in marked contrast to the small quantity of glycolate 
normally found inside the cell during similar aerobic experiments. 2 

Active bicarbonate uptake was an additional requirement for glycolate 
excretion. In Experiments 3 and 4 (Table IV), the Chlorella was permitted = 
to fix NaHCO; for 2 minutes in air, with the result that 4.8 per cent od ~ 
the soluble C“ was found in the medium as glycolate. When similarly — 
treated cells were kept in a CO--free atmosphere of nitrogen and oxygel | 
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| (99:1), with shaking to prevent clumping, the glycolate was reabsorbed 
from the medium and accumulated inside the cells in large amounts. After 
- 30 minutes of aeration with nitrogen-oxygen in the light, the major soluble 


products inside the cells were glycolate and sucrose. If the cells were 
again allowed to fix bicarbonate, the glycolate was quickly excreted. This 
accumulation of glycolate inside the cells, in the absence of bicarbonate 
hut under aerobic conditions, indicates that bicarbonate must exert the 
main regulatory effect on the glycolate pool. Conversion of glycolate to 
glyoxylate and then to glycine, under these conditions, would not be a 
limiting factor. These experiments indicate a rapid and reversible move- 
ment of glycolate between the algal cells and their nutrient solution. 


DISCUSSION 


The rapid excretion of glycolate by Chlorella is dependent on (a) the 
presence of bicarbonate, (b) aerobic conditions, (c) light for active photo- 
synthesis, since there must be a net bicarbonate uptake, and (d) the age 
of the cells, excretion being greatest in the youngest cultures. The glyco- 
late did not accumulate in the culture medium to more than 3 to 8 mg. 
per liter. [tis reabsorbed by the Chlorella when one or more of the stated 
conditions for its excretion are not met. 

The presence of glycolic acid in media that support growth of several 
species of Chlamydomonas has also been observed (9).2— Lewin’s data indi- 
cate that certain Chlamydomonas species have approximately twice as 
much glycolate in their culture medium as Chlorella. In preliminary ex- 
periments with some aquatic plants and roots, excretion of glycolate has 
not been demonstrated. 

The glycolate excretion and absorption may represent a glycolate-bi- 
carbonate anionic exchange across the Chlorella cell wall without the neces- 
sity of a similar cationic shift. Since bicarbonate uptake during photosyn- 
thesis and excretion during respiration represent a major ionic movement, 
a diffusion of some other anion in the opposite direction would lessen an un- 
necessary loss or absorption of cations. If a Donnan equilibrium exists 
across the cell membrane, a change in bicarbonate ion concentration should 
result in an opposite movement of glycolate ion to help restore the equal- 
ity. 


(Glycolate~) cel! 
(Glycolate~) medium (HCO3;-) medium 


The rapid excretion of glycolate-C' during active bicarbonate uptake of 
photosynthesis indicates that this anion is uniquely able to respond quickly 
to the upset of equilibrium when HCO;- in the cell suddenly diminishes in 


* Lewin, R. A., personal communication. 
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concentration and moves in from the medium. However, glycolate dox 
not accumulate in the medium beyond a few mg. per liter. If bicarbonat 
fixation ceases, the glycolate is quickly reabsorbed by the cells. The reg}, 
sorption during steady state photosynthesis, rather than continued g. 
cumulation in the medium, would be favored by a high concentratig, 
gradient of glycolate outside the cell. However, it may be necessary tha 
energy be expended by the cell in order to reabsorb this anion. In the dark 
reabsorption of glycolate represents a shift in the opposite direction fy 
the Donnan equilibrium, and the bicarbonate arises from respiration jy 
the cell and moves into the medium. 

Several properties of glycolate indicate its unique properties for partic. 
pation in anionic exchange with bicarbonate. It is a small organic acid 
that conserves carbon, yet is one of the strongest acids associated with the 
cell. In plants, it is readily available from the photosynthetic carbon cycle. 
In this respect, it is believed to be formed on a side oxidation pathway from 
the photosynthetic carbon cycle, starting from a Cz complex of the oxida. 
tion level of glycolaldehyde or phosphoglycolaldehyde from sugar phos. 
phates. ‘This has been indicated by the same distribution of its C™ label 
during short-time photosynthesis experiments as in the @ and ( carbon 
of phosphoglyceric acid (10), by the activation of the pathway for glycolic 
metaboliam to glycine in greenmg plants only after the establishment 
of the photosynthetic carbon eyele (11, 12), by the enzymatic studies m 
vitro now an progress (15, 14), and by the ease of air oxidation of rbulow 
diphosphate to phosphoglycolie acid (15), 

The consequences: of the excretion of glycolate during photosynthess 
and its reabsorption and accumulation inside Chlorella during dark respira 
tion have not yet been evaluated. This bicarbonate-glycolate shift: may 
be involved in acid or CO, bursts, pH shifts, or quantum efficiency as caleu- 
lated from short-time or flashing light photosynthesis experiments. 

Metabolism studies indicate that glycolate-C™ in Chlorella and _ higher f 
plants is utilized readily, particularly as a precursor for glycine and serine f 
(16, 2). Thus glycolate reabsorption and accumulation in large amounts f 
inside the cell after a period of active photosynthesis should not persist. 
This reasoning might partially explain extended induction effects in photo- 
synthesis after periods of darkness longer than 1 hour. Little glycolate 
would be left in the cell to exchange for the bicarbonate ion. When the 
algae are placed in the light, a photosynthetic induction period would ensue 
while the glycolate pool was replenished by a slow rate of photosynthesis, 
or by the reduction of glyoxylic acid arising from glycine (17) or from 1s0- 
citrate (18, 19). 

Studies on glycolic-C™ acid metabolism have also shown that this acid 
was readily absorbed from solutions at a pH near 2.5, or below its pK,, 
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but that it was not absorbed as a sodium or potassium salt. This was 
observed for Chlorella by Schou et al. (16) and by Myers (20); it has been 
observed also for etiolated or green barley and wheat leaves (11). How- 
ever, in the present experiments under anaerobic conditions or the absence 
of COz, glycolate was absorbed easily from solutions of pH 5 to 9, but was 
not readily metabolized. In the previous experiments (11, 16, 20), since 
the authors could not determine whether the glycolate was inside or out- 
side the cells, it has been assumed that glycolate was not absorbed from neu- 
tral or alkaline solutions. The present data show that, at pH 5 to 9, gly- 
colate accumulates inside the Chlorella cell at a predominant rate over 
its metabolism. 

Another pH effect, which may be fortuitous, is that, above pH ~5.5, 
the percentage of the total C“O, fixed and subsequently excreted as glyco- 
late remains constant. This is the pH range above which bicarbonate 
ion exists in solution. 


SUMMARY 


During 2 to 30 minute, steady state photosynthesis experiments with 
Chlorella, 3 to 10 per cent of the total C™Os fixed was excreted into the 
algal medium as pglycolate, Above pil in the medium, glycolate 
was the only product excreted, though at lower pil values many other cell 
constituents were lost, At pil above 5.5, the percentage of the CMO, 
fixed and subsequently exereted as glycolate remamed about constant, 
Alternating exposure to CVO, and CV’Os showed that glycolate was pro- 
duced from the photosynthetic carbon eyele, 

Glycolate exeretion into the supernatant fluid was dependent on (a) 
light for photosynthesis, (b) aerobie conditions, and (¢) the presence of the 
bicarbonate anion. When any one of these conditions was not met, the 
glycolate moved from the medium into the cells, where it accumulated in 
relatively large amounts. Even in continuous photosynthesis, however, 
accumulation of glycolate in the medium did not exceed a few mg. per liter. 

This phenomenon suggests a Donnan equilibrium for a bicarbonate- 
glycolate shift to facilitate rapid bicarbonate movement. The shift is 
characteristic of glycolate for Chlorella, since no other organic acid showed 
comparable movements. The possible effect of this equilibrium on induc- 
tion periods and quantum efficiency calculations has been discussed. 


The authors acknowledge the competent assistance of Miss Pat Kerr 
during these investigations. 
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PURIFICATION AND PROPERTIES OF SPLEEN RIBONUCLEASE 


By HENRY S. KAPLAN* anp LEON A. HEPPEL 


(From the National Institute of Arthritis and Metabolic Diseases, National Institutes 
of Health, Public Health Service, United States Department of Health, 
Education, and Welfare, Bethesda, Maryland) 


Witu a Nore By WILLIAM R. CARROLL 


(Received for publication, March 26, 1956) 


Tissue homogenates and purified enzymes from many sources have been 
found to hydrolyze ribonucleic acids (RNA!'). The most active and the 
best characterized of these enzymes is pancreatic ribonuclease, which was 
crystallized by Kunitz (1) and is a protein with a remarkable stability to 
heat at an acid pH range (2). Only certain phospho diester linkages are 
split by thisenzyme. It specifically hydrolyzes secondary phosphate esters 
of pyrimidine nucleoside 3’-phosphates (3-8). As a result, exhaustive di- 
gestion with the enzyme accomplishes only a partial hydrolysis of RNA to 
give pyrimidine mononucleotides and a series of polynucleotides of varying 
chain length. These polynucleotides contain only | pyrimidine nucleotide 
residue per molecule, which is in the terminal position and is linked to the 
remainder of the molecule through its 5’-hydroxyl group. ‘There is also 
one phospho monoester group per molecule, at C-3’ of the pyrimidine nu- 
cleoside residue, ‘The specificity of pancreatic ribonuclease can be demon- 
wtrated with simple esters of ribomononucleotides (8), ‘Thus, it 
hydrolyzes pyrimidine nucleomde benzyl phosphates but not the corre 
aponding purine nucleotide derivatives; nor in any 5’ ester cleaved, A 
atniking feature of the action of pancreatic ribonuclease is the formation of 
eyche mononucleotides and polynucleotides during the hydrolysis of both 
RNA and simple esters (9-12). Exchange reactions involving cyelic nu- 


* On sabbatical leave (1954-55) as a Commonwealth Fund Fellow from the De- 
partment of Radiology, Stanford University School of Medicine, San Francisco, 
California. 

' The following abbreviations are used: RNA, ribonucleic acid; DNA, deoxyribo- 
nucleic acid; AMP-3’, adenosine-3’-phosphate; CMP-3’, cytidine-3’-phosphate; 
UMP-3’, uridine-3’-phosphate; A, adenosine; C, cytidine; U, uridine. Dinucleoside 
monophosphates are represented by writing a lower case “p” between two symbols 
for nucleosides. Thus, ApC is adenosine-3’, cytidine-5’-phosphate. Dinucleotides 
are indicated by adding a terminal “p.’’ Thus, ApCp is the cytidine-3’-phosphate, 
S’ester of adenosine-3’-phosphate. The cyclic 2’,3’-monohydrogen phosphate de- 
rivatives are represented by the symbol “‘!.’? Thus, C! is cytidine-2’,3’-phosphate. 
Similarly, CpCp! is the corresponding cyclic dinucleotide. EDTA is ethylene- 
diaminetetraacetic acid, adjusted to pH 7.2 with NaOH. 
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cleotides are also catalyzed (13, 14). This pattern of specificity is unique 
for pancreatic ribonuclease, and is shared by no other enzyme described thus 
far. Although heat-resistant preparations which degrade RNA have been 
obtained from other tissues, these have not been purified and thei 


‘a 
% 

i 


specificity has not been studied. In the present investigation a heat-stable | 
fraction from calf spleen has been purified 700-fold and found to have ex. f 


actly the same specificity as pancreatic ribonuclease, all of the criteria men. 
tioned above being used. Liver was also found to contain such 4 
heat-stable enzyme. 


Methods 


Materials—Commercial yeast RNA was dialyzed for 72 hours against 
running distilled water and concentrated by lyophilization. This was the 
substrate for routine enzymatic assays. Studies on the nature of the reac. 
tion products were also carried out on a highly polymerized RNA isolated 
from crystalline turnip-yellow mosaic virus (15), which was kindly supplied 
by Dr. R. Markham, Molteno Institute, University of Cambridge. 

For the preparation of ‘“‘core,” yeast RNA was digested to completion 
with pancreatic ribonuclease, with 1 nN NH,OH added at intervals to main- 
tain the pH at 7 to 8. The digest was dialyzed against running, distilled 
water at 3° for 48 hours, the insoluble material which formed was removed 
by centrifugation, and the solution of non-dialyzable polynucleotides was 
neutralized, lyophilized, and stored at 3°. 


Cyclic Nucleotides and Simple Esters of Ribomononucleotides—The 2',3'. ‘ 
phosphates of cytidine and adenosine (cyclic nucleotides) were synthesized | 
chemically by the method of Brown, Magrath, and ‘Todd (10) and Dekker | 


and Khorana (16), Cytidine-3” and adenosine-3’-benzyl phosphate also 
were synthetic products 17), and adenosine 5/-benzyl phosphate waaa 
gilt from Dr. Brown, All of these compounds were pure an judged 
by chromatography in Solvents | and 2 (see below) and by paper electro: © 


phoresis, 

nbonuclease was a erystalline commercial prepare 
tion (Armour); phosphomonoesterase free of diesterase activity was purified 
from human seminal fluid (6), 


Enzyme Assay—The reaction mixture contained 0.04 ml. of 0.25 m sodium — 


succinate-succinic acid buffer, pH 6.5, 0.02 ml. of 0.1 m MgCl,, and 0.03 ml. © 


of RNA solution containing 50 mg. per ml., enzyme, and water to makes 


total volume of 0.2 ml. Incubation was for 30 minutes at 37.5°, after which | 
0.2 ml. of 0.25 per cent uranium acetate in 2.5 per cent perchloric acid was | 
added. The mixture was cooled in ice for 5 minutes and centrifuged. An | 
aliquot (0.1 ml.) of the supernatant solution was removed, diluted 40-fold — 
with distilled water, and its optical density measured at 260 my in the Beck- a 
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man model DU spectrophotometer, with a 1 cm. light path. A blank value 
corresponding to incubation without enzyme was subtracted; this was usu- 
ally about 0.020. It was desirable to restrict the amount of enzyme so that 
the net optical density of the final diluted sample did not exceed 0.050. A 
unit of enzyme activity was defined as that amount which caused a density 
increment of 2.0 in the final diluted sample, and specific activity was defined 
as units per mg. of protein. Protein was measured by the method of Lowry 
et al. (18). 

Chromatographic Solvents—Solvent 1, isopropanol-water (70:30, v/v), 
with NH; in the vapor phase (6). Solvent 2, saturated (NH,)2SO,-iso- 
propanol-m sodium acetate (80:2:18, v/v/v) (6). Solvent 3, isopropanol, 
170 ml.; concentrated HCl, 44 ml.; water to 250 ml. (19). Descending 
chromatography was used, with Whatman No. 3 MM paper for Solvent 1 
and No. 1 paper for the other solvents. 

Electrophoretic Separation—This was carried out at pH 3.5, as described 
by Markham and Smith (9). 

Location of Ultraviolet-Absorbing Materials on Paper—The purine- and 
pyrimidine-containing compounds were visualized by means of a Minera- 
light lamp. They were eluted from paper with distilled water. 

Hydrolysis of Polynucleotides—Dinucleotides produced from RNA by the 
action of nuclease enzymes were hydrolyzed with 1 N NaOH at 24° for 18 
hours (6). The mononucleotides formed in this way were separated by 
paper electrophoresis. 


Results 
Purification of Enzyme from Spleen 


Step Homogenization Calf spleens were obtained fresh from the 
Haughterhouse, carefully packed in ice, and carned through Step within 
I} to 2 hours,  Allof the operations were carned out at 0-3", exeept as 
noted, ‘The outer capsular layer was stripped off, and the tissue wan cut 
into small preees and homogenized ina Waring blendor with 3 volumes of 
0.05 sodium acetate in 10-9 mM EDTA (sodium salt, pH 7.2). 

Step 2. Acid Ammonium Sulfate—The pH of 3 liter aliquots of homog- 
enate was adjusted to 3.5 by the dropwise addition of 200 ml. of 1 Nn HCl, 
with continuous mechanical stirring. To each liter of acidified material 
226 gm. of solid ammonium sulfate were added (0.4 saturation). The mix- 
ture was filtered overnight through fluted paper (Schleicher and Schuell No. 
988). The precipitate was discarded and 258 gm. of ammonium sulfate 
were added per liter of filtrate (0.8 saturation). Filtration was repeated, 
and the precipitate was scraped from the paper and dissolved in 0.05 m 
sodium acetate in 10-1 m EDTA (pH 7.2). 

Step 3. Heating at pH 3.5—The dark red solution was reacidified to pH 
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3.5 with 1 N HCl (about 50 ml. per liter), added dropwise with mechanical] 
stirring. Aliquots of up to 500 ml. were transferred to an Erlenmeyer flask | 
and heated to 60° by immersion in a water bath at 80°. This required 1 to5 | 
minutes, depending on the volume. The mixture was kept at 60° for 19 
minutes, then rapidly cooled. The pH was adjusted to 6.5 to 7.0 with1y P 
NaOH, and a precipitate was removed by centrifugation at 13,000 X g for7 
minutes. The precipitate was resuspended in 2 volumes of 0.05 m sodium § 
acetate in 10-4 m EDTA, and the mixture was recentrifuged. The initial 
supernatant solution and wash were combined. 

Step 4. Neutral Ammonium Sulfate—The residual ammonium sulfate 
concentration (usually 0.1 saturation) of the heated material was deter. 
mined with a Barnstead conductivity meter. Its saturation was brought to 
0.5 by the slow addition of the required amount of solid ammonium sulfate, 
usually 23.3 gm. per 100 ml. After 15 minutes a precipitate was removed 
by centrifugation. To every 100 ml. of supernatant solution were added 
23 gm. of ammonium sulfate (0.85 saturation). The precipitate was cdl- 
lected and dissolved in 0.05 m sodium acetate in 10-* mM EDTA. 

Step 5. Dialysis—Rocking dialysis was carried out overnight against 
running 10-‘m EDTA. A granular, brown precipitate formed which was 
removed by centrifugation. 

Step 6. Acetone—This step was carried out on aliquots of the dialyzed 
ammonium sulfate fractions which were diluted to contain from 6 to 10 mg. 
of protein per ml. To 72 ml. of solution were added 18 ml. of 1 m sodium 
acetate. Then 72 ml. of acetone (at —10°) were introduced quite slowly | 
and with vigorous agitation. The temperature was allowed to fall to -15° | 
while the acetone was being added. After 5 minutes, the mixture was cen- | 
trifuged for 3 minutes at 13,000 X g in polyethylene tubes, and the pre- | 
cipitate was discarded. To the supernatant solution were added 108 ml. of 
acetone, and a second precipitate was collected by centrifugation. It was ; 
allowed to drain for 30 minutes at — 10° and dissolved in 0.05 m sodium ace © 
tate in 1O-*mM EDTA, On the last six trials the yield in the second fraction 
varied from 50 to 66 per cent and the purification from 1.0 to 2,5-fold, 

Step 7, Actd Ammonium Sulfate Solid ammonium sulfate was added to & 
maturation (16.4 gm, per ml.), and the pH was brought to 2.0 with 
HO) (15 ml, per 100 ml). Three or four fractions were then collected 
by further stepwise additions of ammonium sulfate, Most of the activity & 
usually precipitated between 0.7 and 0.8 saturation, ‘The precipitates were © 
dissolved in 0.05 m sodium acetate in 10-4 mM EDTA. 

Step 8. Resin—Fractions with specific activities of 20 units per mg, or 
more were combined and adsorbed on Amberlite IRC-50 (XE-64) resin, a | 
described by Hirs, Moore, and Stein (20). It was convenient to add 20 to 4 
35 ml. of enzyme, containing 1.0 to 5.0 mg. of protein per ml., to 4.0 to 5.0 


al 


Anical 
flask 
to5 
or 10 
hiy 
for? 
dium 
initial 


ilfate 
Jeter- 
to 
fate, 
10ved 
1dded 
col- 


zainst 
h was 
lyzed 
mg. 
dium 
lowly 


-15' | 


cel- 
pre: 
ml, of 
t was 
1) ACE 
old, 

led to 
) with 
ected 
tivity 
were 


ng. or 
sin, a8 
to 5.0 


H. S. KAPLAN AND L. A. HEPPEL 911 


ml. of packed resin in a 50 ml. centrifuge tube. The mixture of resin and 
enzyme was stirred for 5 minutes, centrifuged, and the supernatant solution 
discarded. The resin was washed twice with 3 to 5 volumes of 0.2 m phos- 
phate buffer, pH 6.6, after which it was suspended in 5 volumes of 0.35 m 
phosphate buffer, pH 7.4. With rapid swirling, 2 N NH,OH was added 
dropwise until the pH of the supernatant fluid was 7.4, after which it was 
collected by centrifugation. A second eluate was obtained by mixing the 
resin with 3 volumes of 0.35 m phosphate buffer, pH 7.4, and the two eluates 
were combined. 


TABLE I 
Purification of Spleen Ribonuclease 
step No | | 
mil. units per cent 
l Homogenate 20,200 | 187,000 100 0.34 (0.1) 
(55,000) * 
2 Acid ammonium sulfate 900 83,000 3.4 
3 Heating at pH 3.5 1,015 31,410 57 2.5 
4 Neutral ammonium sulfate 230 31,000 56 5.7 
5 Dialysis 255 27 , 800 50.5 6.0 
6 | Acetone | 255 20 , 200 37 12.6 
7 | Acid ammonium sulfate | 90 20,200 37 29.6 
S | Resin | 90 12,100 22 72 


* Most of the activity measured in Steps | and 2 is due to other enzymes, which are 
destroyed by exposure to 60° for 10 minutes at pH 3.5. Spleen ribonuclease is stable 
under these conditions. In calculating over-all yield and purification, the figures 
in parentheses have been used. They represent the activity found after adjusting 
the pH of the homogenate to 3.5 and holding it at 60° for 10 minutes. 


The results of a typical fractionation experiment are given in ‘Table I. 
The over-all purification was 700-fold with a yield of 22 per cent, the pro- 
cedure bemp found to be quite reproducible, Occasionally the specific 
achivity was lower than usual after dialyeis orfractionation with acetone, but 
(hin Was compensated for by an improved purification in a 
sequent 

Alternative Procedures ‘Treatment with the resin as deseribed above was 
quite effective in the purification of material carried only through Step 4 
(neutral ammonium sulfate). When the resin step was followed by frac- 
tionation with ammonium sulfate at pH 2, a specific activity of 55 to 60 
units per mg. could be obtained. This modification permitted elimination 
of dialysis and fractionation with acetone. 

The enzyme could also be fractionated at 3° on a resin column, according 
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to the procedure of Hirs, Moore, and Stein (20). A 1.1 X 20.5 cm. colump : 
of Amberlite IRC-50 (XE-64) resin was equilibrated with 0.35 m phosphate F 
buffer, pH 7. 2 ml. of spleen ribonuclease corresponding to Step 5 (825 FF 
units, 64 mg. of protein, pH 7.0) were placed on the column, which was then | 
eluted with the same buffer. The flow rate was 1.1 ml. per hour, and frae. 
tions of 0.5 ml. were collected. The elution pattern (Fig. 1) bore a distinet 
resemblance to that of pancreatic ribonuclease (20), with a small initia] 
peak followed by a major peak. 510 of a possible 825 units (62 per cent} 
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Fic. 1. Chromatographic purification of spleen ribonuclease on a 1.1 X 20.5 cm. & 
column of IRC-50 (XE-64) at 3°, with 0.35 mM phosphate buffer, pH 7.0, as the eluting 
agent. For details of the procedure see the text. Fraction volume, 0.5 ml. 


were recovered in the two peaks. This low recovery was due, in part at 
least, to instability of the enzyme on prolonged contact with concentrated 
phosphate at pH 7. 
Phe fractions comprising the major peaks were pooled and concentrated © 
by precipitation with ammonium sulfate, ‘The preparation had a specific 
activity of 25 units per mp, representing a 5.8-fold purification for this step. 


Propertica of 


Stalitity— Fractions purified some 200. to 300-fold were quite stable when 
heated to 60° for 10 minutes at pH 2, but lost 20 per cent of their activity bs 
after being held at 80° for 10 minutes at pH 3.3 (Table ID). i 
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The enzyme at different stages of purification was tested for stability to 
storage under various conditions. There was little or no loss of activity 
over a period of 1 to 5 months when heated material (Step 3) was (a) lyo- 
philized, (b) frozen and stored at —7°, (c) stored at 3° at neutral pH or in 
0.01 n HCl, and (d) precipitated as a slurry with saturated ammonium 
sulfate. More highly purified preparations (Steps 7, 8) lost only 20 per 
cent of their activity after intermittent use and storage for 1 year. 

Effect of pH—The influence of pH on enzyme activity in four different 
buffers may be seen in Fig. 2. The optimal pH appears to lie between pH 
6.0 and 6.5. There is a rapid decline in activity above pH 7.0. This is in 


TABLE II 
Stability of Spleen Ribonuclease to Various Conditions of Heating 
Relative activ- 
Experiment No. Starting material Temperature Time pH ity, per cent 
of original 
min. 
1, Step 1 Homogenate 80 10 3.5 35 
“i 80 20 3.5 30 
ut: 80 40 3.5 25 
2 +3, 80 10 5.0 5 
3 sie 95 10 3.5 30 
4 e 70 10 3.5 30 
ty 60 10 3.5 45 
x 50 10 3.5 45 
5, Step 2 (NH,) SO, 50 10 3.5 50 
6 60 10 3.5 45 
6, Step 7 , 60 10 2.0 100 
4 80 10 3.3 80 


distinct contrast to the behavior of pancreatic ribonuclease, which exhibits 
peak activity at pH 7.6 and is only 25 to 30 per cent as active at pH 6.5. To 
test the possibility that the pH optimum of the pancreatic enzyme might be 
shifted to lower values in the presence of splenic protein, it was mixed with 
the same purified spleen preparation as that which was used for the pH 
studies of Fig. 2 and was tested again.? Its activity was once more found 
lo be maximal at pH 7.6 and only 42 per cent as great at pil 6.5. It ap- 
pears therefore that the pH optima of the two nucleases are significantly 
different, 

Speeifiedy— specificity of apleen mbonuclease appears to be the same 


experiment waa possible because the pancreatic ribonuclease had a much 
kreater specific activity than the apleen ribonuclease, Consequently, most of the 
activity in the mixture was due to the pancreatic enzyme which contributed only a 
small part of the total protein. 
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as that reported by others for pancreatic ribonuclease (3-11). RNA wah 
only partly degraded after exhaustive digestion by either enzyme. Thi [ 
was followed by measuring the appearance of ultraviolet-absorbing materig | 
soluble in the uranium acetate-perchloric acid reagent and also by chr. | 


matography in Solvent 1. 

As shown in Table III, cytidine-3’-benzyl phosphate was hydrolyzed by 
the spleen enzyme but sdmunine 3! -benzyl phosphate was not, in keeping 
with the specificity observed by Brown and Todd (8) with pancreatic 5. 
bonuclease. Cytidine-2’ ,3’-phosphate was split by spleen ribonuclease 
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Fic. 2. Effect of pH on rate of hydrolysis of RNA by spleen ribonuclease. Tm | 
enzyme assay was carried out as described under ‘‘Methods,”’ and the final concen- if 
tration of buffer was 0.05 m. Sodium salts were contained in the buffer mixtures | 
except for phosphate (mixed Na, K). The symbols are ©, acetate; O, succinate; o 


@, phosphate; A, glycine. 


give cytidine-3’-phosphate, but adenosine-2’,3’-phosphate was not at- | 


tacked (cf. Brown, Dekker, and Todd (11)). 


If the two enzymes act in the same way, then the ‘‘core”’ obtained after © 


exhaustive digestion of RNA with pancreatic ribonuclease should not be 


further hydrolyzed by the spleen enzyme; and, indeed, it was not hydro © 
lyzed. When 0.4 mg. of “core” was incubated with 4 units of enzyme in | 
the usual assay procedure, there was no measurable degradation after 3 7 
hours at 37.5°. In other experiments the reaction mixture was chromate 
graphed, after 10 hours of incubation, in Solvent 1, in which trinucleotide: ) 
and smaller molecules migrate while “core” remains at the origin. Again, © 


no hydrolysis was observed, 


Markham and Smith (6) reported that, early in the course of digestion d : 
RNA by pancreatic ribonuclease, there appeared certain cyclic dinucleo 7 
tides, ‘These all contained a pyrimidine nucleoside residue in which th 
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hydroxyl of carbon 5’ was involved in the internucleotidic phospho diester 


bond and the hydroxyls of carbons 2’ and 3’ were esterified to form the cyclic 
monohydrogen phosphate ester. In addition, these workers found cyti- 
dine-2’ ,3’-phosphate and uridine-2’,3’-phosphate. These compounds are 


also found when samples of RNA from turnip-yellow mosaic virus are di- 


gested with spleen ribonuclease. Aliquots were removed at various time 
intervals and chromatographed in Solvent 1. Certain bands were then 
identified by procedures similar to those of Markham and Smith (6), and 


- these bands are numbered as in their paper. 


Chromatographic band 5 contained the cyclic dinucleotides ApCp!, 


| ApUp!, and small amounts of UpUp! and CpCp!. This band appeared 


TABLE III 
Action of Spleen Ribonuclease on Synthetic Substrates 
The incubation mixture (0.1 ml.) contained 0.02 ml. of 0.25 m succinate, pH 6.5; 


0.02 ml. of 0.1 M MgCl.; 1 to 2 wmoles of substrate; 20 units of spleen ribonuclease 


(specific activity, 30). Parallel incubations were carried out with pancreatic ribo- 
nuclease and gave comparable results. After incubation at 37° for 24 hours the re- 
action mixtures were chromatographed in Solvents 1 and 2, with appropriate refer- 
ence compounds as markers. 


Extent of hydrolysis Reaction product 
per cent 
Cytidine-3’-benzyl phosphate............... | 40 | CMP-3’ 
| | 80 CMP-3’ 
Uridine-2’,3’-phosphate......... ........... | 80 | UMP-3’ 
Adenosine-2’,3’-phosphate.............. 0 | 
| 


early in the course of digestion, before any mononucleotides or cyclic mono- 
nucleotides could be found. The four compounds were separated by paper 
electrophoresis, with 0.05 m formate buffer, pH 3.5. Their mobilities were 
10, 17, 23, and 9.1 em., respectively, in 2 hours at 20 volts perem. The 
individual cyclic dinucleotides were eluted from paper and incubated with 
0.1 N HCl for 4 hours at 24°, a procedure which causes hydrolysis of cyclic 
bonds but not of internucleotide phospho diester linkages. The products 
were non-cyclic dinucleotides, ApCp, ApUp, UpUp, and CpCp. These were 
chromatographed in Solvent 1 and migrated, as expected, in band 2. Next, 
the monoester phosphate groups were removed by incubation with human 
semen phosphomonoesterase.* This gave the dinucleoside monophos- 


‘Incubation was carried out at 37° in 0.05 Mm sodium acetate-acetic acid buffer, 
pH 5, and 0.01 mMgCl,. Complete hydrolysis of the phospho monoester group took 
place with no detectable splitting of the phospho diester bond. With more than a 
‘fold excess of enzyme, some diesterane activity could be detected, 
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phates, ApC, ApU, UpC, and UpU, which had the expected Rp values i} 
Solvent 1. These compounds were hydrolyzed with spleen phosphodieste,. | 
ase and found to give AMP-3’ and cytidine, AMP-3’ and uridine, UMP. | 
and uridine, and CMP-3’ and cytidine, respectively. The end produci | 


were identified by electrophoresis and by chromatography in Solvents | 
and 2. As expected, the compounds ApCp and ApUp were resistant t; 
pancreatic ribonuclease, whereas UpUp and CpCp were hydrolyzed by this 
enzyme. 

Cyclic mononucleotides appeared later in the course of digestion and 


chromatography in Solvent 1 were found in band 6. They were identifiej f 


as cytidine-2’,3’-phosphate and uridine-2’,3’-phosphate in the following 


manner. Treatment with 0.1 N HCl for 4 hours at 24° converted them ty } 
mononucleotides which moved to band 4 in Solvent 1. They were aly § 


hydrolyzed to the non-cyclic mononucleotides by treatment with eithe 


spleen or pancreatic ribonuclease, and chromatography in Solvent 2 showed 


that the products consisted exclusively of CMP-3’ and UMP-3’. 


Chromatographic band 4 in the isopropanol-NH; system appeared later 
in the course-of digestion. It contained mononucleotides which were iden. } 


tified as CMP-3’ and UMP-3’. 

Spleen ribonuclease also resembled the pancreatic enzyme in the catalysis 
of certain exchange or transfer reactions. Thus, digestion of RNA by 
spleen ribonuclease in the presence of methanol resulted in the formation of 


pyrimidine nucleoside methyl] phosphates. Also, when cytidine-2’ ,3’-phos | 
phate, cytidine, and spleen enzyme were incubated at 3°, cytidine-3’, cyti- | 
dine-5’-phosphate was formed. ‘These exchange or transfer reactions wer 
demonstrated in the same manner as that previously reported for pancreatic | 


ribonuclease (13, 14). 


Activity against DN A—Purified fractions of spleen ribonuclease did not 4 
appear to cause any breakdown of DNA as measured by the spectrophote | 


metric assay developed by Kunitz (21). In another experiment a prepara- q 


tion of spleen ribonuclease (3.5 units, Step 7, specific activity of 30 units” 


per mg.) was incubated for 22 hours at 37° with 0.5 mg. of DNA and alu | 
with a sample of DNA that had been exhaustively digested with pancreatic | 
deoxyribonuclease. Chromatography in Solvent 1 showed no evidence di 
hydrolysis. Parallel incubations were carried out with extracts of calf m- | 


testinal mucosa; these showed extensive breakdown of the substrates. 


Activation and Inhibition—The spleen enzyme responded very much like : 
pancreatic ribonuclease to the presence of various metals and EDTA, and 


MgCl, (0.01 m) caused a 25 to 35 per cent stimulation of activity (Tablel¥). © 


This effect was observed in phosphate as well as in succinate buffer and wa 
of the same order of magnitude as the effect of MgCl: on pancreatic ribo ~ 
nuclease, tested in phosphate buffer at pH 7.6. There was no such effet ~ 
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> with MnClz, CaCle, or NaCl, but 0.1 mM KCl appeared to be weakly active 
in the presence or absence of MgCl. EDTA produced a 75 per cent in- 
> crease in activity in 10-* Mm concentration, with no further stimulation as its 


concentration was increased to 10-? m._ The effect was independent of the 
presence of MgClo. 


TaBLE IV 
Effect of Metals and Versene 


The incubation mixture (0.2 ml.) contained 0.02 ml. of 0.1 m MgCl. except as 
noted; other metals as indicated below; 2 y of spleen ribonuclease, specific activity = 


| 21, or 0.02 y of crystalline pancreatic ribonuclease; buffer mixture. The buffer 


mixtures were 0.04 ml. of 0.25 m sodium succinate-succinic acid, pH 6.5; 0.05 ml. of 
0.2 m sodium acetate-acetic acid, pH 5.1; 0.05 ml. of 0.2 m KH:PO,-Na:HPO,, pH 
7.6. The assays were carried out as described under ‘‘Methods.”’ 


Enzyme Concemtention, pH ote entra 
Spleen ribonuclease.......... MgCl; 0.01 6.5 135 
as 0.01 5.1 135 

MnCl, 0.01 6.5 96 No Mgtt 

NaCl 0.1 6.5 100 

“ KCl 0.1 6.5 110 No Mgtt 

CuSO, 0.001 6.5 17 
Pancreatic ribonuclease...... MgCl. 0.01 7.6 139 

KCl 0.1 7.6 90 No Mgtt 
ig CuSO, 0.001 5.1 8 


As has been previously noted for pancreatic ribonuclease (22), there is a 
profound inhibition of the spleen nuclease by 10-3 m Cu++. Both enzymes 
were inhibited to about the same degree at pH 5.1 as at their respective pH 
optima. Dickman and Aroskar (23) have recently made an extensive study 
of the effect of pH on the inhibition of pancreatic ribonuclease by copper. 
Zn*+ also inhibited at 10-* Mm, but only by about 60 per cent at pH 6.5 and 
25 per cent at pH 5.1. 

Fluoride, at 0.1 Mm concentration, did not have any significant effects on 
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spleen ribonuclease. However, it did interfere with the precipitation ¢ } ha 
RNA and its larger polynucleotide split products by the uranium acetate. 
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Fic. 3. Chromatography of preparations of pancreatic and spleen ribonuclease | 
on a1.1 X 20.2 cm. column of IRC-50 (XE-64);3°. The column, prepared as described | 


previously (20), was equilibrated with sodium phosphate buffer (0.2 m, pH 64). 
Curve A, from two separate experiments, one with pancreatic ribonuclease (0), the ril 
other with spleen ribonuclease (@). 1 ml. containing 0.15 mg. of crystalline pa | M 
creatic ribonuclease was placed on the column; then elution was carried out with} dj 
0.2 m sodium phosphate buffer, pH 6.6; flow rate, 1.4 ml. per hour. Upon comple | Ay 
tion, the column was washed with 370 ml. of buffer, and 1 ml. was added containing | U 
90 mg. of a spleen ribonuclease preparation (Step 5, specific activity = 4.33 units © | 
per mg.). Elution was carried out with 0.2 m sodium phosphate buffer, pH 6.6, to © U 
point indicated by arrow, and then 0.35 mM sodium phosphate, pH 7.0, was used. Cure) ar 
B, an experiment in which the two enzymes were mixed and placed on the column 7 

The same spleen preparation, but a different lot of pancreatic enzyme, was used. | 
Elution was carried out with 0.2 m sodium phosphate, pH 6.6, followed (at the point © 
indicated by the arrow) by 0.35 M sodium phosphate, pH 7.0. Assays carried out with & 
succinate buffer, pH 6.6, but fractions corresponding to the two peaks in Curve By 
were also assayed with phosphate buffer, pH 7.8. Enzyme eluted in the first peak = Ca 
(pancreatic ribonuclease) showed 4.4 times as much activity at the more alkalim = es 
pH, whereas material in the second peak (spleen enzyme) was only 69 per cent & © pl 


active at pH 7.8 as at pH 6.6. - 
f 
perchloric acid reagent. This effect is less pronounced prior to partial en “ 
zymatic hydrolysis of RNA, and thus could be erroneously interpreted 817" 
stimulation of the enzyme. : 


Behavior of Enzymes on Ion Exchange Columns—Spleen ribonuclease be 


ees 
| 


ate. 
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haved differently from pancreatic ribonuclease on a column of the cation 


' exchange resin XE-64 (Fig. 3, A). The spleen enzyme required a higher 


concentration of phosphate and a more alkaline pH for elution. This differ- 
ence was not due to an effect of other proteins in the spleen preparation, for, 
when a mixture of the two enzyme preparations was chromatographed, each 


activity appeared as a peak in the expected position (Fig. 3, B). 


Liver Ribonuclease—A preparation of the heat-stable ribonuclease of liver 
was obtained as follows: Fresh calf liver was homogenized in 4 volumes of 
8.5 per cent sucrose + 10-?m EDTA, strained through cheesecloth, brought 
to pH 5.1 with 2 N acetic acid, and filtered. Ammonium sulfate was added 


to the filtrate up to 0.8 saturation, and the precipitate was collected and 


dissolved in 0.05 mM sodium acetate. It was brought to pH 3.5, heated at 


- 95° for 10 minutes, and then adjusted to pH 6.5. A precipitate was centri- 
- fuged off and washed with distilled water. The supernatant solution and 
washing were combined and fractionated with ammonium sulfate. A frac- 


' tion which precipitated at 0.5 saturation was discarded and a second frac- 
~ tion (0.5 to 0.85 saturation) was dissolved in 0.05 m sodium acetate + 10-4 
mm EDTA and used for enzymatic studies. It had a specific activity of 
' 2.0, which represented a 20-fold purification, and the yield was 50 per cent 
of that obtained when spleen was carried through the same steps. Ex- 
- traction with acetate instead of sucrose was less satisfactory. 


The specificity of the liver enzyme was investigated exactly as described 


| for spleen ribonuclease and with quite similar results. 2 units of liver 
_ ribonuclease were incubated in 0.1 m glycine buffer, pH 7.8, and 0.01 m 
-| MgCl. with 4.7 mg. of yeast RNA. A considerable formation of cyclic 
- dinucleotides was evident after 2 hours. These were identified as ApCp!, 
_ ApUp!, and UpUp!. After 7 hours the cyclic mononucleotides Cp! and 
_ Up! appeared in the digestion mixture, followed later by CMP-3’ and 
' UMP-3’. No purine mononucleotides were released, and the “core” prep- 
_ aration was not hydrolyzed. 


DISCUSSION 
The evidence presented here indicates that spleen ribonuclease and pan- 


_ creatic ribonuclease have quite similar catalytic properties. Both enzymes 
* cause a partial breakdown of RNA and split only secondary phosphate 
' esters of pyrimidine nucleoside-3’-phosphates. Thus, cytidine-3’-benzyl 
| phosphate and cytidine-2’, 3’-phosphate are hydrolyzed but not the corre- 


| sponding adenosine derivatives. Cyclic pyrimidine nucleotides are formed 


from RNA and from cytidine-3’-benzyl phosphate; these cyclic compounds 


» are themselves cleaved by further action of either enzyme. Both enzymes 
- form only pyrimidine mononucleotides from RNA. The end products re- 


sulting from exhaustive digestion of RNA with pancreatic ribonuclease are 
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not further broken down when exposed to the spleen enzyme. Finally f 


certain exchange reactions previously noted for pancreatic ribonuclease ay 
also catalyzed by spleen ribonuclease. 

In spite of these similarities, the two enzymes appear to be disting 
proteins. Their pH optima are different, and this difference is maintaine 
when the preparations are mixed. Further, they occupy widely separate 
positions on elution diagrams representing chromatography on columns ¢ 


the cation exchange resin XE-64. Mixtures of the two enzymes can lk § 


resolved chromatographically. 


Sedimentation studies on the purified spleen enzyme were carried ou § 


by Dr. W. R. Carroll and are reported below. These measurements ar 


compatible with the view that spleen ribonuclease is a small particle, with § 


a molecular weight even less than that of pancreatic ribonuclease. The 
question arises whether spleen ribonuclease has been partly degraded du. 


ing the course of isolation. Digestion of pancreatic ribonuclease leads to f 


the formation of products of lower molecular weight which are still er- 


zymatically active (24, 25). However, care was taken to avoid autolysis 
in working up the calf spleen, and in our view it is unlikely that the spleen 


ribonuclease is a proteolytic split product. 


The activity of spleen and liver ribonuclease is weak compared with 
pancreatic ribonuclease, but it compares favorably with the activity of F 
other enzymes in spleen which act on RNA, reported on from this labor. } 
tory (26) and by Maver‘ and Greco (27). The presence of heat-stable | 
ribonucleases in spleen and liver makes it difficult to obtain preparations | 
of RNA from these tissues which have not been partially hydrolyzed. This } 
important point and some of the pertinent literature have been discussed | 
in a review by Allen (28). One must also be alert to the possibility that 


preparations of RNA may contain active nuclease as an impurity. 


SUMMARY 


1. An enzyme has been purified 700-fold from calf spleen which closely © 


resembles pancreatic ribonuclease in its catalytic properties and heat 
stability. It hydrolyzes secondary phosphate esters of pyrimidine nucleo 


side 3’-phosphates in such a manner as to leave the phosphate group mone 
esterified at carbon 3’. Thus, cytidine-3’-benzyl phosphate is hydrolyze — 
to cytidine-3’-phosphate and benzyl alcohol. Ribonucleic acid is only — 


partly degraded, and pyrimidine mononucleotides are formed. 


4 The enzyme described in the present paper is called spleen ribonuclease because — 
it has the same specificity as pancreatic ribonuclease, and is also similar in heat | 
stability. Maver and Greco (27) use the term “‘spleen ribonuclease”’ to describes» 
fraction with quite different properties. At some future time, when the individual ~ 
enzymes are better separated and characterized, a system of nomenclature will have }~ 


to be developed for this class of hydrolysases. 
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29 The amount of this activity per unit weight of spleen is much less 
than that of ribonuclease in pancreas, but compares favorably with that of 
other enzymes in spleen, liver, and thymus which act on polyribonucleo- 
tides. 

3. Spleen ribonuclease differs from pancreatic ribonuclease in its pH 
optimum, and the two proteins can be separated by using columns of the 
cation exchange resin, Amberlite XE-64. 

4. A heat-stable ribonuclease with similar enzymatic specificity has also 
been obtained from calf liver. 


We wish to thank Mr. R. J. Hilmoe for his assistance and helpful advice 
in connection with some of the experiments reported here. 


Note on Sedimentation Measurements on Spleen Ribonuclease 
By R. 


(Prom the National Institute of Arthritis and Metabolic Diseasqs, National Institutes 
of Health, Public Health Service, United States Department of Health, 
Education, and Welfare, Bethesda, Maryland) 

The sedimentation measurements on spleen ribonuclease were on ma- 
terial carried through Step 8. As a preliminary test for homogeneity of 
the preparation, two runs were made in the analytical ultracentrifuge 
(Spinco, model E). The first, at a concentration of 0.52 per cent protein, 
was run in a standard cell for a total of 377 minutes at 59,780 r.p.m., at 
an average temperature of 3°, the solvent being 0.05 m sodium acetate. 
Under these conditions, a single, slowly sedimenting, rapidly spreading 
boundary separated from the meniscus only partially after 240 minutes. 
The sedimentation constant calculated from this run was 0.6 X 10-% 
(Soo). Without attempting to measure quantitatively the boundary 
spreading, there was no evidence of asymmetry, and it was rapid enough 
to be compatible with a small particle of perhaps m = 2000 to 5000. 

In the second run, a concentration of 7.2 per cent was used in the syn- 
thetic boundary cell at room temperature to see whether small quantities 
of heavier components could be detected, with negative results. 

From both of these runs, separations were made of the material in the 
cells after the runs (top, center, bottom fractions), and activity tests 
showed no gross variations in specific activity, indicating that the schlieren 
boundary seen in the centrifuge represented the active principle, or at least 
was closely associated with it. 
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CHOLINE ANTIMETABOLITES, STUDIES 
IN MICROORGANISMS 


By IBERT C. WELLS 


(From the Department of Biochemistry, State University of New York, 
Medical College at Syracuse, Syracuse, New York) 


(Received for publication, February 17, 1956) 


We have described previously (1) the study 7n vitro of a series of ana- 
logues and homologues of choline as substrates for the enzyme choline de- 
hydrogenase. These compounds consisted of methylated and ethylated 
products, both simple and mixed, of ethanolamine, 1-aminopropanol-3, 
2-amino-2-methylpropanol-1, l-aminopropanol-2, and 2-amino-2-methy]l- 
1,3-propanediol, together with the parent amines. Of these compounds, 
only the quaternary bases, with the exception of the triethyl derivatives 
of ethanolamine and 1-aminopropanol-3, were oxidized appreciably by the 
enzyme. However, the enzyme exhibited some affinity for all the remain- 
ing compounds in that they could depress the oxidation rate of choline. 

Two of the most potent of these inhibitors, 2-amino-2-methylpropanol-1 
and a,a-dimethyltriethylcholine, were found to be powerful antagonists of 
choline utilization, but apparently not of choline oxidation in the young 
rat (2). 

It was of interest to extend these studies to other systems involving 
choline to determine (a) how specific their requirements for choline are, 
and (b) if a choline-like compound, active in one system, is active in certain 
other systems. 

In this paper are reported the results of studies of the above compounds 
in a choline-requiring mutant of Neurospora crassa (strain 34486) (3-5) 
and in Saccharomyces carlsbergensis which exhibits a decreased growth re- 
sponse to inositol in the presence of choline (6, 7). Unlike the results with 
choline dehydrogenase, ten of the twenty-one compounds exhibited no 
activity in these two organisms. The compounds which possessed choline- 
like activity were, with two exceptions, active in both organisms. Those 
compounds having anti-choline activity were different for the two organ- 
isms. $-Methylcholine is an antagonist of choline in N. crassa but exhibits 
choline-like activity in S. carlsbergensis; triethylcholine has choline-like 
activity in N. crassa but is inactive in S. carlsbergensis. 


EXPERIMENTAL 


: Preparation of Test Compounds—The homologues and analogues of cho- 
line used in this study were obtained as described previously (1). 


923 


bo 
3 


924 CHOLINE ANTIMETABOLITES 


Microorganiams--A culture of N. crassa, strain 34486 


was kindly supplied by Dr. G. W. Beadle, California Institute of Techno, 
ogy. It was maintained on agar slants (3), 


The culture of S. carlabergensia, strain 4228, was obtained from Dr, J | 


M. McKibbin of this institution and was maintained on malt agar slant. 

Assay Procedures—The assay method of Horowitz and Beadle (3) was 
used to study the effects of the test compounds in N. crassa. It has beep 
shown (5, 8) that the metabolic defect in this organism, as in the chick (9), 
is its inability to methylate ethanolamine to form monomethylaminoeth. 
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Fia. 1. Growth curves of S. carlsbergensis in the presence of inositol alone (Curve f 
A) and in the presence of inositol plus choline chloride in a weight ratio of 1:5 


(Curve B). 


anol. This deficiency is overcome by supplying the organism with this 


required substance or with dimethylaminoethanol or choline. By adding | 


the test compounds to media containing either choline or dimethylamine > 
ethanol, it was possible to study the test compounds as inhibitors of choline | 
utilization as well as inhibitors of the methylation reaction by which choline 
is synthesized from dimethylaminoethanol, the methyl donor presumably | 
being methionine. In the assay procedure, the additions of choline, d- 
methylaminoethanol, and the test substances were contained in 2.0 ml; _ 
thus the volume of fluid in each flask was 27.0 ml. The flasks were incu- 
bated at 25° or at room temperature. Each compound was tested ats — 


level of at least 1 mg. per flask. 


S. carlsbergensis was cultured as described (6). Its growth respons P| 
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curves to inositol alone and to inositol plus choline chloride in a weight 
ratio of 1:5 (molar ratio, 0.16) were determined (lig. 1), ‘The inhibition 
of growth resulting from this amount of choline is less than the maximum. 
In order to study the effects of the test substances, a series of flasks was 
set up corresponding, to the 4 and 8 y of inositol points of the control curves. 
Of the test substances, 100 y were added to the flasks containing 4 y of 
inositol and 200 y were added to those which contained 8 y of inositol. All 


TABLE I 


Activities of Compounds Structurally Related to 
Choline* in N. crassa and S. carlsbergensis 


N. crassa S. carlsbergensis 
ethanol 

Ethanolamine x x 
Dimethylaminoethanol x x 
Dimethylethylcholine x x 
Methyldiethylcholine x x 

Triethylcholine x xt 
Homocholine x 
Methyldiethylhomocholine x x 
8-Methylcholine Xx x x 
1-Diethylaminopropanol-2 | x x 
a,a-Dimethylcholine x x 
a-Methyl-a-hydroxymethyl- x x 

choline 
Thiocholinet x x 


* The complete list of compounds tested has been given (1). Those inactive in 
both organisms are not included above. 

t Not tested for anti-choline activity in this organism. 

t Obtained from the Bios Laboratories, Inc., New York. 


substances were tested in duplicate. The growth obtained in these flasks 
was compared with that of the controls which were run simultaneously 
with the samples. If the growth obtained with a test substance corre- 
sponded with the points of the two control curves, the compound was said 
to be inactive, though it is realized that at higher concentrations activity 
might have been apparent. No attempt was made to determine the rela- 
tive potencies of the compounds active in S. carlsbergensis. 

The results of the assay procedures are given in Table I. 

Others (4) have reported dimethylethylcholine, methyldiethylcholine, 
and triethylcholine to have choline-like activity in N. crassa. This we 
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have found also. In addition, homocholine and thiocholine were found 
to possess choline-like activity in this organism. The relative activitie 


of these substances as compared with choline (w/w) were dimethylethy). 
choline and thiocholine, 1:20; methyldiethylcholine and homocholine, 
1:200; triethylcholine, 1:2000. All of these substances, with the exception 
of triethylcholine, were also found to have choline-like activity in S. carly. 
bergensis. In addition, dimethylaminoethanol and B-methylcholine acted 


PER CENT NORMAL GROWTH 


0 LO 2.0 30 


MG. INHIBITOR PER FLASK 


Fic. 2. Inhibition of growth response of N. crassa to choline chloride (5.0 ) and 
dimethylaminoethanol (5.4 7). The average growth responses to these amounts of 
the metabolites are 13.7 and 16.6 mg., respectively. Curves A and B are the inhibi- 
tion curves given by ethanolamine and a-methyl-a-hydroxymethylcholine chloride, 
respectively, in the presence of either choline or dimethylaminoethanol; Curve ( 


is the growth inhibition curve given by 8-methylcholine chloride in the presence of | 


choline; Curve D shows the inhibition of growth by 8-methylcholine chloride in the | 


presence of dimethylaminoethanol. 


like choline in this organism. The activity of the former has been reported | 


previously (6). 


The lists of compounds having choline-like activity in the two organisms : 


were quite similar; however, those substances possessing anti-choline activ. | 
ity were entirely different for the two organisms. Ethanolamine (prev: | 


ously reported to be inactive (4)), 6-methylcholine, and a-methyl-c-hy- | 
droxymethylcholine opposed the action of choline in N. crassa, while © 
methyldiethylhomocholine, 1-diethylaminopropanol-2, and a,a-dimethyl | 
choline played the same rdéle in S. carlsbergensis. The greatest dissimilar- a 
ity between the two organisms was with respect to 6-methylcholine. This & 
compound behaved like choline in S. carlsbergensis but as an antimetabolite 


of choline in N. crassa. 


Inhibitors in N. crassa—As mentioned above, the mutant of N. crassa 7 
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used in this study offers the possibility of studying two separate reactions 
involving choline: (a) the utilization of choline and (b) the synthesis of 
choline from dimethylaminoethanol. ‘The compounds having anti-choline 
activity in this organism were studied further to determine which of these 
two reactions they inhibited. 

For this purpose, fixed amounts of choline chloride (5.0 y) or dimethyl- 
aminoethanol (5.4 7) were added to a series of flasks in the regular assay 
procedure. Graded amounts of an inhibitor were then added to these 
flasks and the growth obtained was compared to that given by the metab- 
olites alone. ‘The results obtained are shown in Fig. 2. 

Kthanolamine, like a-methyl-a-hydroxymethylcholine, inhibited the 
growth of the organism to the same extent whether choline or dimethyl- 
aminoethanol was the metabolite. It may be concluded, therefore, that 
these two substances inhibit the utilization and not the synthesis of choline. 
In contrast, B-methylcholine gave two markedly different curves; more of 
this compound was required to inhibit growth when choline was the metab- 
olite. By comparing the amounts of 6-methylcholine required to inhibit 
growth by 50 per cent, it is seen that its potency as an inhibitor of dimethy]- 


~ aminoethanol (choline synthesis) is about 12 times its potency as an in- 
 hibitor of choline utilization. 


DISCUSSION 
Of the structural analogues and homologues of choline tested, those 


_ which possessed choline-like activity in N. crassa and S. carlsbergensis are 
_ the ones which have choline-like activity in animals (10). Generally, these 


are also the same compounds which are oxidized by choline dehydrogenase 
(1). However, the enzyme is much less specific in its substrate require- 
ments, as judged not only by the substances oxidized but also by the com- 
pounds which can inhibit its action, than are N. crassa and S. carlsbergensis. 

All the compounds, but one, capable of substituting for choline in these 
organisms are quaternary bases, and it may be surmised that the exception, 
dimethylaminoethanol, is methylated to form choline in S. carlsbergensis 
as it isin N. crassa. Also, it may be surmised that choline is not function- 
ing as a methyl donor in these two organisms, since triethylcholine could 
not perform this function and others of the active compounds are known 
not to be methyl donors in rats. The metabolic relationship of choline 
and inositol in S. carlsbergensis is not clear. 

Although these two organisms resemble each other closely with respect 
to the compounds which have choline-like activity, they are entirely un- 
alike as judged by the compounds which inhibit the utilization of choline 
by them. The most extreme instance of dissimilarity is with respect to 
B-methylcholine. This substance functions as choline in S. carlsbergensis 
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but is an antimetabolite of choline in N. crassa. As indicated above, it is | 


much more potent as an inhibitor of the methylation of dimethylamino. 
ethanol. 

2-Amino-2-methylpropanol-1 and a,a-dimethyltriethylcholine, which 
were found to be quite potent as inhibitors of choline dehydrogenase (1) 
and of choline utilization in young rats (2), were found to be inactive jy 
both of the organisms studied. In N. crassa they were tested at levels of 
3.6 and 3.0 mg., respectively, per assay flask. 

Since diethylaminoethanol is inactive and methyldiethylcholine is actiye 
in both organisms, it may be concluded that the former is not readily 
methylated; also, in N. crassa it does not inhibit the methylation of d. 
methylaminoethanol, 

Mthanolamine, which has been previously reported to be inactive in NV. 
crassa (A), has been found in this study to be an antimetabolite of choline 
in this organism, Perhaps it would not be deemed a potent inhibitor, but 
it is a factor to be considered when N. crassa is being used to measure cho. 
line in the presence of relatively large amounts of ethanolamine, 


SUMMARY 


A series of analogues and homologues of choline has been studied ina 
cholineless mutant of Neurospora crassa and in Saccharomyces carlsbergensis, 
Dimethylaminoethanol, dimethylethylcholine, methyldiethylcholine, ho- 
mocholine, and thiocholine were found to possess choline-like activity in 
both organisms. Triethylcholine replaced choline in N. crassa but was 


inactive in S. carlsbergensis at the concentration tested. 6-Methylcholine } 


exhibited choline-like activity in the yeast but was an antimetabolite of 
choline and particularly of dimethylaminoethanol in N. crassa. Other an- 
timetabolites of choline in this organism were ethanolamine and a-methyl- 
a-hydroxymethylcholine; these substances were inactive in S. carlsbergensis. 
Methyldiethylhomocholine, 1-diethylaminopropanol-2, and a ,a-dimethy!- 
choline inhibited the action of choline in S. carlsbergensis but were inactive 
in N. crassa. 


The inhibition of choline utilization in N. crassa by ethanolamine is di | 


some practical significance since this organism is used in an assay method 
for choline. 
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INHIBITION OF CHOLINE SYNTHESIS IN YOUNG RATS BY 
2-AMINO-2-METHYLPROPANOL-1* 


By IBERT C. WELLS 


(From the Department of Biochemistry, State University of New York, 
Medical College at Sgracuse, Syracuse, New York) 


(Received for publication, February 17, 1956) 


2-Amino-2-methylpropanol-1 and a,a-dimethyltriethylcholine have been 
found to be competitive inhibitors of choline utilization in 40 to 50 gm. 
male albino rats (1). The former substance apparently only antagonized 
the utilization of choline in the kidney! while the latter was an antimetab- 
olite both in the liver and kidney. 

The quantitative relationships between these inhibitors and choline in 
such animals were also reported. 2-Amino-2-methylpropanol-1 was found 
to be a strict competitive inhibitor of choline over the range of concentra- 
tions studied. ‘The concentrations of choline chloride required to be pres- 
ent in the diet in order to prevent the occurrence of hemorrhagic kidney 
degeneration when the diet also contained 0.33, 0.67, or 1.0 per cent of the 
inhibitor were 100, 150, or 200 mg. per cent, respectively. 

In this paper we wish to present the results of further studies with 
2-amino-2-methylpropanol-1. In these experiments the abilities of pDL- 
methionine, betaine, and £-dimethylpropiothetin to replace choline in the 
presence of the inhibitor have been determined. Normally 1 mg. of choline 
chloride is replaced in the diet by 4 mg. of pL-methionine or betaine hydro- 
chloride (2) and theoretically by about 4 mg. of 8-dimethylpropiothetin hy- 
drochloride. In the presence of the inhibitor several times these amounts 
of the metabolites were required to replace 1 mg. of choline. These results 
are interpreted as indicating that in young rats 2-amino-2-methylpro- 
panol-1 inhibits not only the utilization of choline but also its synthesis. 


* Presented in part at the meeting of the American Society of Biological Chemists, 
San Francisco, California, April, 1955. 

' Recent unpublished experiments, done in collaboration with Dr. Samuel Mallov 
of this institution, have indicated that 2-amino-2-methylpropanol-1 has perhaps a 
weak antilipotropic effect which was not observed in the previous study (1). The 
intramuscular administration, for 14 days, of 60 mg. of the inhibitor per rat per day 
in 200 gm. female rats receiving a choline-free diet produced a slight increase in total 
liver lipide concentration over that in control animals (8.8 per cent versus 6.9 per cent 
(P = 0.02)). In contrast to the results in weanling rats, the kidneys in both of these 
groups of animals appeared normal. 
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932 INHIBITION OF CHOLINE SYNTHESIS 


EXPERIMENTAL 


The basic diet used in these experiments was Diet C, described preyj. : 
ously (1). It contained 18 per cent casein, 21 per cent fat, and no added |} 


vitamin By. 2-Amino-2-methylpropanol-1, choline, and the methy] donor 
were added as indicated. In the experiment with 6-dimethylpropiothetiy 
hydrochloride and in those experiments requiring large amounts of betaine 
hydrochloride, sodium bicarbonate equivalent to the chloride in these sub. 
stances was also added to the diet. 

Male, albino rats? which weighed from 40 to 50 gm. were kept in raised 
cages, two animals per cage, and received the diet and water ad libitum for 
the 2 week experimental period. The kidneys of each animal were jp. 
spected and weighed; total liver lipide analyses, as previously described 
(1), were performed on fresh liver samples from the surviving animals 
and only the values from animals with normal kidneys are reported, since 
it was found in the previous study that animals having hemorrhagic kid- 
neys tended also to have a normal total liver lipide concentration. The 
experiments were done in several series of small groups of rats, usually six 
rats per group. Every series was accompanied by two control groups, 
one of which received the basic diet supplemented with 100 mg. per cent 
(0.72 mmole per cent) choline chloride and the other received this supple. 
mented diet plus 0.33 per cent (3.7 mmoles per cent) 2-amino-2-methyl- 
propanol-l. The results obtained with all the control groups, as those 
seen in all other replicate groups, were combined and averaged. 

Studies with pi-methionine, betaine hydrochloride, and B-dimethylpro- 


piothetin hydrochloride consisted of determining what concentrations of | 
these substances must be fed in order to prevent completely the effect of | 


2-amino-2-methylpropanol-1 at a dietary concentration of 0.33 per cent, 
These concentrations of the methyl donors should be equivalent to 100 
mg. per cent choline chloride, since this concentration of choline completely 
prevents the effect of the above concentration of the inhibitor. 

Table I gives the results of feeding 2-amino-2-methylpropanol-1 and p1- 


methionine. In the absence of the inhibitor 400 mg. per cent (2.7 mmoles F 


per cent) pL-methionine was equivalent to 100 mg. per cent choline chlo- 
ride. This result is in agreement with those of others (2) who have found 
1 mg. of choline chloride in the diet to be replaceable with 4 mg. of DI- 
methionine. However, in the presence of the inhibitor the concentration 


of pLt-methionine required to protect the animals from hemorrhagic kidney 5 
degeneration was 1800 mg. per cent (12.1 mmoles per cent). This concen — 
tration is about 4.5 times that amount which would be necessary normally | 


to replace the required choline concentration. 


The results obtained with betaine are shown in Table II. As in the case : 


2 Obtained from the Empire Farms, Bainbridge, New York. 
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I. C. WELLS 933 
TABLE I 
Antagonism of Effects of 2-Amino-2-Methylpropanol-1 by pu-Methionine 
No. of 
0.33 per cent rats Diet 
methylpro- || Total liver lipide* 
Started) Vived | rhage 
gm. per | gm. per 

100 choline chloride 41 34 0 3.4 6.6 | 9.25 + 0.26 
100“ ” + 34 29 1 3.3 5.0 | 9.96 + 0.38 
400 methionine 6 6 0 3.0 6.0 | 8.94 + 0.41 
400 " + 6 2 6 5.0 | 9.66 + 2.31 
600 ag + 6 1 6 
750 xe + 6 2 5 
1200 e + 6 5 4 2.6 4.9 | 8.67 + 0.98 
1400 " + 6 4 1 y 5.0 | 9.67 + 0.19 
1600 2 + 6 6 2 1.4 3.7 | 7.92 + 0.99 
1800 + 21 20 1 4.4 | 9.01 + 0.33 
2000 . + 6 5 0 1.8 4.0 | 7.42 + 0.93 
2200 - + 6 5 0 1.1 3.5 | 8.52 + 0.54 


* Average + standard error of the mean. 


OAS percent 

Diet supplement in mg. per cent Lie: me 
panol-t 

100 choline chloride 
100 
400 betaine hydrochloride 
400 
1200 
1400 
1600 
1800 + 
2000 66 
2200 «6 + 
2400 sé + 
2800 + 


Tanne Il 
Antagoniam of Effects of by Betaine 


No, of 


Started 


rats 


Sur- 
vived 


Om RON We 


No. of 
rate with 
kidney 
hemor. 
rhage 


Weight 
gain 


Wohin OOD 


Diet 
sumption 


Total liver 
lipide* 


per cent fresh 
weight 


9.25 + 0.26 
9.96 + 0.38 
10.32 + 0.67 


10.22 + 1.96 


8.30 + 0.24 


* Average + standard error of the mean. 


a 
tin 
ine | 

lor § 

ce 
d- 
he 
1X 
8, 
| 
| 

rm. per | gm. per 

| | 

3.4 | 6.6 | 
34 2.1 | 5.0 
a 8 3.7 | 7.0 
| 
| 


934 INHIBITION OF CHOLINE SYNTHESIS 


of methionine, and. in agreement with others (2), 4 mg. of betaine hydyo. | 
chloride were found capable of replacing 1 mg. of choline chloride in th } 
diet in the absence of the inhibitor. In the presence of the inhibitor, hoy. f 


ever, 2800 mg. per cent (18.2 mmoles per cent) betaine hydrochloride was 
still insufficient to protect the animals from hemorrhagic kidneys. Thy 
the amount of betaine hydrochloride required is more than 7 times that 
which normally replaces 100 mg. per cent choline chloride. 

Table III shows the results obtained by substituting for the effectin 
concentration (1800 mg. per cent) of methionine the calculated equivalent 
concentration of 8-dimethylpropiothetin hydrochloride. It is seen that 


TABLE III 


Antagonism of Effects of 2-Amino-2-Methylpropanol-1 
by Dimethylpropiothetin Hydrochloride (DMP) 


No. of rats No. of 


Diet suppl rats with | Weight |D 
iet supplement in mg. amino- eight | Diet con- 
per cent methylpro- kidney | "gain |sumption | Ttal liver lipde 


panol-1 Started rhage 


gm. per | gm. per 


per cent fresh 
ie rat weig 
100 choline eeciae 41 34 0 3.4 6.6 | 9.25 + 0.% 
100 . + 34 29 1 2.1 5.0 | 9.96 + 0.38 
1800 methionine + 21 20 1 2.1 4.4 | 9.01 + 0.3 
2059 DMP + 5 3 2 2.6 5.5 


* Average + standard error of the mean. 


this amount of the latter substance only partially protected the animals | 


from the effects of the inhibitor. 


DISCUSSION 


We have attempted to fit these findings into the general scheme of meta- 


bolic relationships, such as that suggested by du Vigneaud (3), among | 


choline and the other methyl donors. ‘To this scheme of reactions can be 
added the synthesis of methionine from 6-dimethylpropiothetin and homo- 
cysteine (4). Thus, the available evidence indicates that choline is syn 


thesized from methionine which in turn is synthesized from betaine or | 
B-dimethylpropiothetin; the direct synthesis of choline from betaine has 
not been demonstrated. The prevention of hemorrhagic kidney degeners- — 
tion does not involve a demethylation of choline, since the intact molecule | 
is apparently requirec (5); the utilization of choline for this purpose is s 


competitively inhibitcd by 2-amino-2-methylpropanol-1 (1). 
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The present results with the methyl donors methionine, betaine, and 
g-dimethylpropiothetin are explained on the basis of the above scheme of 
reactions, by presuming that the inhibitor blocks the transformation of 
methionine to choline. This is consistent with our present finding that 
fewer choline equivalents of methionine are required to relieve the inhibi- 
tion than are required for betaine and 8-dimethylpropiothetin, and with 
our previous observation that the inhibitor does not appreciably affect 
the synthesis of methionine from betaine and homocystine (1). 

If one accepts this explanation, then the manner in which the inhibitor 
exerts its effect is not clear. One possible simple mechanism might be 
that the inhibitor is methylated in preference to ethanolamine to give 
a,a-dimethylcholine which apparently has no choline-like activity (6). 
This possibility is suggested by the fact that the amount of methionine 
required to relieve the inhibition is slightly more than that necessary to 
methylate the inhibitor completely. However, this mechanism does not 
explain the findings with betaine and 6-dimethylpropiothetin, since, if the 
above metabolic scheme is correct, the methionine ought to be replaceable 
with equivalent amounts of the other two methyl donors. This is not in 
accord with the experimental results. 

In extending this theory that 2-amino-2-methylpropanol-1 inhibits the 
transfer of the methyl group from methionine to ethanolamine, we have 
tested its ability to inhibit creatine synthesis in the guinea pig liver homog- 
enate (7). The optimal concentrations of homogenate, glycocyamine, 
methionine, and adenosine triphosphate in a total volume of 3 ml. were 
used; 2-amino-2-methylpropanol-1 at a concentration of 0.094 m did not 
depress the synthesis of creatine. Similarly B-methylcholine, which inhib- 
its the methylation of dimethylaminoethanol in Neurospora crassa (8), did 
not depress creatine synthesis under the same conditions. 

Since the synthesis of choline from methionine is inhibited by 2-amino- 
2-methylpropanol-1, it is of interest to review the results of the titration 
in vwo of the inhibitor with choline in the absence of added amounts of 
methionine (1). The results indicated that weanling rats required a die- 
tary intake of about 3 mg. of choline chloride per day in order to prevent 
hemorrhagic kidney degeneration. ‘This amount exceeded the requirement, 
previously determined by adding choline to deficient diets (9) by 1 to 2 
mg. The present results indicate that weanling rats can synthesize the 
equivalent of 1 to 2 mg. of choline chloride per day. 

Since the appearance of the essence of these studies in abstract form (10), 
Mulford (11) has reported the results of experiments in which a higher 
concentration of 2-amino-2-methylpropanol-1 was used; in confirmation of 
our results, the conversion of methionine and betaine to choline was in- 
hibited by 2-amino-2-methylpropanol-1. 
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SUMMARY 


The efficiencies of the methyl donors pi-methionine, betaine hydrochlo. 


ride, and 8-dimethylpropiothetin hydrochloride as dietary substitutes fo 
choline in counteracting the inhibitor 2-amino-2-methylpropanol-1 haye 
been studied in male rats of 40 to 50 gm. Normally 1 mg. of choline chlo. 
ride is replaced by 4 mg. of each of the methyl donors, but in the pres 
ence cf the inhibitor the amounts of these substances equivalent to 1 mg. of 
choline chloride are increased several fold. In the case of methionine the 
increase is 4.5 times normal; the increases for the remaining two com. 
pounds exceed that for methionine. 

The results are interpreted as indicating that 2-amino-2-methylpro. 
panol-1, in addition to inhibiting the utilization of choline in these animals, 
interferes with the synthesis of choline from methionine and ethanolamine, 

Since in the presence of the inhibitor the weanling rat cannot transfer 
the methyl group of methionine to ethanolamine at a normal rate, it is 
calculated from the results of the zn vivo titration of 2-amino-2-methyl- 
propanol-1 with choline that weanling rats normally can synthesize the 
equivalent of 1 to 2 mg. of choline chloride per rat per day. 
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VITAMIN D AND PLASMA PHOSPHATASE IN THE RAT* 


By HECTOR F. De LUCA ano HARRY STEENBOCK 


(From the Department of Biochemistry, College of Agriculture, 
University of Wisconsin, Madison, Wisconsin) 


(Received for publication, February 20, 1956) 


It is well established that in man plasma phosphatase is greatly increased 
in rickets and in some other bone diseases (1-6). <A similar relationship 
has been found in various experimental animals, viz. chicks (7-9), sheep 
(10), dogs (11-13), and calves (14, 15). In rats, however, the reports have 
been contradictory. Sure and coworkers (16) found no difference between 
rachitic and vitamin D-treated rats when fed Steenbock and Black’s 
rachitogenic diet 2965. Patwardhan’s group (17, 18) reported a decrease 
in rats made rachitic with a low P diet similar to the one used by Schneider 
and Steenbock (19). However, Tuba et al. (20) and Scoz (21) observed 
an increase in rickets. Very recently Iber (22) reported no increase after 
feeding a low P, high Ca rachitogenic diet, and no response to vitamin D 
additions. Crimm and Strayer (23) and also Taylor et al. (24) found a 
reduction in activity after giving toxic doses of vitamin D. 

In view of the above conflicting reports, experiments were carried out 
with rats to determine the effect of vitamin D with diets differing widely 
in Ca and P content, and therefore different in their effect on the structure 
and mineralization of bone. 


EXPERIMENTAL 


30 day-old male Sprague-Dawley rats weighing 70 to 80 gm., housed in 
individual overhanging wire cages, were fed the various rations ad libitum 
with and without vitamin Dy. A semisynthetic ration of Bellin and Steen- 
hock (25), composed of glucose, egg white, cottonseed oil (Wesson), rough- 
age, Vilamins, and salts, was used as the basal ration, ‘To this, CaCQOs, 
an equimolar mixture of and Nall,POy, and Ca phytate were 
added to obtain the desired levela of Ca, inorgame P, and phytie acid P. 
Vitamin D was supphed when required by the expernmental plan as an oral 
dose of 75 iu. of vitamin Ds in OF ml, of cottonseed oi solution per rat 
every 3 days, 

* Published with the approval of the Director of the Wisconsin Agricultural bx. 
periment Station. We are indebted to the Wisconsin Alumni Research Foundation 
for funds which made this research possible, to the A. . Staley Manufacturing Com- 


pany, Decatur, Illinois, for the Ca phytate, and to Merck and Company, Inec., Rah- 
way, New Jersey, for most of the vitamins. 
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938 VITAMIN D AND PLASMA PHOSPHATASE 


The Ca and P content of the rations was determined, respectively, by the | 


methods of Wang (26) and Fiske and Subbarow (27), following digestion 


with nitric and perchloric acids. Phosphatase determinations were mag 
on blood collected from ether-anesthetized rats by heart puncture with; 
22 gage needle and a 5 ml. syringe moistened with a 20 per cent potassjun 
oxalate solution. After centrifugation, 0.2 ml. of the plasma in 2 ml, ¢ 
0.9 per cent NaCl solution was incubated for 2 hours at 37° in 0.0267 y 
Na-8-glycerophosphate (Eastman Kodak Company), 0.0190 m Verona. 
acetate buffer (pH 9.2), and 0.0012 m magnesium sulfate solution. Th 
final volume was 15 ml. 

Preliminary tests revealed that the stated amounts of substrate and mag. 
nesium sulfate gave optimal activity, and the buffer concentration main. 


tained the desired pH (9.2) during incubation with only a slight inhibitory f 
effect on the enzyme. A pH of 9.2 was selected since higher pH values § 
although giving somewhat greater activity, resulted in enzyme instability, F 
The preliminary studies also revealed that the pH-dependence curve in | 


the alkaline area was due, at least in part, to enzyme denaturation. 


Both prior to and following incubation, aliquots of the reaction mixtur f 
were removed, treated with an equivalent volume of 20 per cent trichloro. | 
acetic acid, and centrifuged. Phosphatase values were determined within f 
48 hours after the collection of blood, although the enzyme was found [ 
stable for at least 2 weeks in the diluted plasma at 5°. Inorganic P in the | 
supernatant solution was determined by the method of Fiske and Sub | 
barow (27). The P liberated was converted to phosphatase units by refer- : 
ence to a standard curve, since dilution and addition studies failed to | 
reveal the presence of either activators or inhibitors and since the enzyme | 
was found to be stable during incubation. 1 unit of plasma phosphatas | 
was defined as the amount of enzyme which liberated 0.8 mg. of inor 7 


ganic P in the 15 ml. solution mentioned before in 2 hours under the cor- 
ditions described. 


In the first series of experiments, a stock ration which contained vitamin 
D was compared in its effect with that obtained with semisynthetic ration ~ 
which were either normal, rachitogenic, or osteoporogenic. ‘These rations 
were fed with and without vitamin D. On the terminal day of the exper ~ 
ment, a blood sample was drawn early in the morning, before the animal © 


started eating, for the determination of phosphatase, ‘This technique wai 


found to be adequately successful in reducing the well known variations: — 
induced by food ingestion (28), ‘The rata were nacrificed with ether im — 
medintely following the collection of the sample, The right femur wa 
removed, extracted for 24 hours with aleohol and ether, and then ashed 7 
The distal ends of the radii and ulnae were sectioned and the cartilaginot © 


metaphyses examined after staining with silver nitrate, 
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The high phosphatase activity found with rats on some of the basal 
rations and the large reduction of activity effected by vitamin D led us to 
test for the possible presence of activators or inhibitors in the plasma. For 
this purpose, plasma was obtained, respectively, from rats on the stock 
ration, on the rachitogenic Rations 711-B and 23, and on the osteoporo- 
genic Ration 11-K, fed with and without supplements of vitamin D. On 
these samples both dilution and addition experiments were carried out. 
With the exception of a difference in the volume of diluted plasma, the 
technique used was the same as described earlier. _ 

The comparative rapidity of response to the administration of vitamin D 
in rachitic and osteoporotic rats was investigated by feeding to forty 
rats Ration 711-B and to an additional forty rats Ration 11-K. Eight 
rats on each ration were given vitamin D on the 21st day and four rats 
on the 26th day of feeding. Phosphatase was determined in these rats 
2 or 5 days after the administration of the vitamin, and also on an equal 
number of controls. In six others, phosphatase levels were determined on 
the 2ist day before vitamin D was given. Eight rats were given prophylac- 
tic doses of vitamin D throughout the experiment. 


Results 


The values on bone ash and the metaphyseal widths obtained from the 
rats on the various rations previously mentioned, fed with and without 
vitamin D, show that the expected effects on bone structure and composi- 
tion had been attained (29). 

With all of the basal rations (Table I), plasma phosphatase was increased 
to levels higher than those found in stock rats; however, although it is 
evident that Ca and P were important factors in determining the final 
levels, there is a wide variation in the degree of increase which cannot be 
accounted for by differences in the Ca and P content of the rations. Low 
Ca rations, either rachitogenic (Ration 34-B) or osteoporogenic (Ration 
11-K), gave greatly increased values, while rations optimal in Ca and either 
low in P (Ration 23) or optimal in P (Ration 11) gave only slightly in- 
creased values. Also, when Ca was supplied in excess and the amount of 
available P was low (Ration 711-B) (30), phosphatase was greatly increased. 

The results also show clearly that the level of phosphatase was reduced 
by the addition of vitamin D to any of the basal rations, whether they were 
approximately optimal in Ca and P content (Ration 11), rachitogenie 
(Rations 24, 711-18, 34-1), or onteoporogenic (Ration While the 
resultant phosphatase level approximated that found in rata on the stock 
ration, ois clear that rations low in Ca gave higher levela than did rations 
normal or high in Ca, and that the high Ca rations gave the loweat levels, 

Although phosphatase increased with Ration 711-B with the increase in 
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the severity of rickets (Fig. 1), with Ration 23 this was not evident (Table 
_ 1). Also, there was no evident correlation between the variations in 
phosphatase levels with the relative amounts of cartilage and osseous tissue 
found in the skeleton. The level was high when cartilage was produced in 
limited amounts with one ration (11-K) but not with another (Ration 11). 
It was also high when cartilage was produced in abundance on Rations 
94-B and 711-B, but only moderately so when produced on Ration 23. 

The observations mentioned above raised the question as to the extent 
to which our values of phosphatase activity were really indicative of the 
phosphatase content of the plasmas. While the effect of initial dilution 
~ could not be determined, inasmuch as all plasmas were diluted with saline 
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DAYS ON RATION 


4 Fic. 1. Progressive increase in plasma phosphatase with development of rickets 
_ on Ration 711-B (1.2 per cent Ca, 0.294 per cent phytate P). Each point represents 


: an average of the values obtained on four to eight rats. Phosphatase,@; bone ash, 


' for convenience, further dilution of various samples from normal, rachitic, 


_ and osteoporotic rats, and from rats which had received vitamin D, gave 


_ values which were lowered in proportion to the degree of dilution. Mixing 
boiled plasma with untreated plasma, or plasma from vitamin D-treated 
_ tats with plasma from rats which had not received vitamin D, gave results 
- equivalent to the sum of their activities (Table II). The results of the 
_ dilution experiments are not presented in detail in order to conserve space. 

The importance of the general decrease in phosphatase activity follow- 
ing the administration of vitamin D is hard to assess. It might be assumed 
that this decrease would be in harmony with a shift in the metabolic bal- 
ance trom the hydrolytic to a preponderance of the synthetic and this in 
lurh might be correlated with the growth-promoting activity of vitamin 
I) Hut inspection of our data (Table 1) shows that, while the decrease 
with stimulation of growth (tation 11-1) was great, it was 
equally great when growth was inhibited (tation 
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VITAMIN D AND PLASMA PHOSPHATASE 


TABLE II 


Effect of Additions of Low Activity Plasma on Activity of Plasma from 
Normal, Rachitic, and Osteoporotic Rats 


Active plasma Plasma additions Total phosphatase 
ber cen 
Normal rat 1.32 | Boiled plasma 0.00 1.32 1.28 —3.0 
(stock ration) (stock ration) 
Rachitic rat 1.65 | Vitamin D-treated | 0.34 1.99 2.01 +1.0 
(Ration 711-B) rat (Ration 
711-B) 
Osteoporotic rat | 2.01 | Vitamin D-treated | 0.76 2.77 2.81 +1.4 
(Ration 11-K) rat (Ration 11-K) 
1.85 | Rachitic rat (Ra- | 0.93 2.78 2.74 —1.4 
tion 23) 


The diluted plasma (1 ml. diluted to 10 ml. with 0.9 per cent NaCl) plus additions 7 
were incubated with 0.0267 m Na-8-glycerophosphate, 0.0012 m MgSO,, and 0.01% 
mM Veronal-acetate buffer (pH 9.2) in a total incubating volume of 15 ml. for 2 hour 3 
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= 500} 
T T T T T T T Oo 
2 z NOD 
300k - 
5 
2 & 200} 
75 1.U/3 DAYS 
a. 
DAYS ON RATION DAYS ON RATION 
Fia. 2 Fia. 3 


Fia. 2, Decrease in plasma phosphatase with the administration of vitamin Do 
to rats made rachitic on Ration 711-B (1.2 per cent Ca, 0.294 per cent phytate P). § 
Kach point represents an average of the values obtained on four to eight rats, 

Kia. 3. The response of plasma phosphatase to the administration of vitamin D > 4 


Bach 


in rats made osteoporotic on Ration 11-K (0.016 per cent Ca, 1,2 per cent P), 


point representa an average of the values obtained on four to eight rats, 
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Some experiments were carried out to determine whether the rate of 


- reduction in phosphatase content following the administration of vitamin 


D to rats made rachitic on Ration 711-B was the same as with rats made 
osteoporotic on Ration 11-K. To our surprise, while a reduction in phos- 
phatase occurred quite promptly in the rachitic rats (Fig. 2), an initial 
increase resulted in those which were osteoporotic (Fig. 3). However, in 
confirmation of the data obtained when vitamin D was given from the 
beginning of the experiment (Table I and Fig. 3), the values were reduced 
when a second dose of vitamin D (100 i.u.) was given after the rats had 
been on the ration 26 days and were sacrificed 5 days later. The phos- 
phatase activity was then reduced to 200 units per 100 ml. of plasma, a 
level similar to that obtained when 1000 i.u. of vitamin D were given daily 
to some of the rats which had been on the ration for 21 days. We have 
no explanation for the initial increase. 


SUMMARY 


The alkaline phosphatase content of plasma in rats on various semi- 
synthetic, vitamin D-free rations, whether they produced approximately 
normal, severely rachitic, or porotic bone, was always higher than it was 
in rats which were fed a vitamin D-containing stock ration. The highest 
values were obtained with a high P, low Ca osteoporogenic ration. The 
administration of vitamin D prophylactically or therapeutically reduced 
the values to approximately those found in stock rats. The amount of 
phosphatase in the plasma could not be related to the severity of rickets or 
to the amount of cartilage present in bone. 
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GLYCOGENOLYTIC ACTION OF GLUCAGON AS INFLUENCED 
BY INSULIN AND OTHER COMPOUNDS* 


By JEAN M. TYBERGHEIN,t HENRY H. TOMIZAWA, 
AND ROBERT H. WILLIAMS 


(From the Department of Medicine, University of Washington 
School of Medicine, Seattle, Washington) 


(Received for publication, March 6, 1956) 


The exact metabolic relationship between insulin and glucagon is still a 


' matter of controversy. Some authors (2, 3) have proposed that glucagon, 


like insulin, enhances the peripheral utilization of glucose. However, much 


- evidence has been obtained which suggests that glucagon antagonizes the 
’ action of insulin. ‘The results obtained by Thorogood and Zimmerman (4) 
' suggested that, since alloxan-diabetic dogs required less insulin after pan- 
ophy. : createctomy, the pancreas contained a factor which could act as an insulin 
- antagonist. Later, de Duve et al. (5) were able to decrease considerably 


the amount of glucose necessary to maintain a normal blood sugar level in 


4 rabbits injected with insulin by adding insulin which contained small 


A 


' amounts of glucagon to the infusion. Those experiments have been con- 


firmed and extended by Tyberghein (6), who maintained unchanged blood 
sugar and liver and glycogen levels in insulinized rabbits by an intravenous 


- infusion of glucagon. Vuylsteke and de Duve (7) also demonstrated that 
a subcutaneous injection of glucagon decreased the action of insulin by 30 


per cent. With his experiments on cross-circulation, Foa (8) came to the 
conclusion that glucagon is the anti-insulin hormone of the pancreas. The 
work of Candela (9), Drury et al. (10), Snedecor e¢ al. (11), and Pincus 
et al. (12) suggests that glucagon antagonizes the action of insulin in extra- 
hepatic tissues. 

In order to investigate further the metabolic relationship between insulin 


and glucagon, the present study dealing with their action on liver slices 


has been carried out. Although insulin has no apparent action on carbo- 
hydrates in liver tissue in vitro, it is well known that glucagon stimulates 


_ glycogenolysis in liver slices (13). It was therefore of interest to investi- 


_ gate whether insulin can modify the glycogenolytic action of glucagon, 


~ and if such an action is specific for insulin. 


*This research was supported by funds granted by the United States Public 


a Health Service, United States Atomic Energy Commission, and The Upjohn Com- 


a pany. Preliminary reports of this work have been published (1). 


t Research Fellow, sponsored by Smith, Kline and French Laboratories (1954-56). 
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946 GLYCOGENOLYTIC ACTION OF GLUCAGON 


Materials and Methods 
Slices were made from the livers of well fed rabbits according to th 


method described by Sutherland and Cori (13). In each experiment thr} 


sets of slices were prepared, each set being cut from the same piece of live, 
The weight of the slices, each about 100 mg., did not differ more than 1) 
per cent from one another. The slices were placed in 20 ml. beakers ¢op. 
taining 2 ml. of a solution of 4 parts of 0.9 per cent sodium chloride and} 
part of a 0.1 m potassium phosphate buffer, pH 7.5. The mixtures wer 
incubated at 37° for 45 minutes in a Dubnoff incubator which was shake) 
at 110 oscillations per minute. Aliquots were then removed for glucos 


A 


determinations according to the method of Nelson (14). In each set, tw § 
slices incubated in buffer alone served as control; another slice served ty F 
indicate the glucose output as influenced by 7.5 y of glucagon, an amou | 


which gives maximal stimulation of glycogenolysis; the remaining slicg } 
were used to study the effect of the other compounds on the glycogenolyti: F 


action of glucagon. 


Ot 


Two glucagon preparations were used.! Lot No. 208-158B-214A con. 


tained 50 per cent glucagon and 50 per cent inert protein, and lot No} 
208-158B-131-2 was crystalline glucagon, which is considered to be pur. f 


The Novo insulin? was a crystalline glucagon-free preparation and th 
Lilly insulin! an amorphous preparation. Other purified substances used 
in this study were crystalline bovine plasma albumin, a-casein, a-cortico- 
tropin, ox growth hormone, a-lactalbumin, and crystalline ribonuclease! 


RESULTS AND DISCUSSION 


In a preliminary study, the glucose output from liver slices was measurel | 
under the influence of 30 y of glucagon-free insulin (Novo insulin) per ml. | 
and of the same amount of insulin containing approximately 1 per cent | 


of glucagon (Lilly insulin). The results are given in Table I. It is evident 


that in every experiment glucagon-free insulin had no effect. Howeve, 
the insulin preparation containing 1 per cent of glucagon caused a marked 


increase in glucose output (p <0.001) and had approximately the sam 
glycogenolytic effect as an excess amount of glucagon. This suggests < 
that 0.3 y of glucagon, when acting in the presence of insulin, might have | 
the same effect as 7.5 y of glucagon alone. These findings have been ver: | 


1 Glucagon preparations and amorphous insulin were kindly supplied by Dr. 0. 3 


Behrens and Dr. C. W. Pettinga of Eli Lilly and Company. 


2 Crystalline glucagon-free insulin was a gift from Dr. K. Hallas-Megller of the 4 


Novo Terapeutisk Laboratorium. 


3 ~-Casein was kindly supplied by Dr. T. L. McMeekin, a-corticotropin and growth | — 
hormone by Dr. C. H. Li and Dr. I. I. Geschwind, and a-lactalbumin by Dr. P.E. 
Wilcox. Crystalline bovine plasma albumin was obtained from the Armour Labor Se 
tories and crystalline ribonuclease from the Worthington Biochemical Corporatio. 
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fied by comparing the glycogenolytic action of 0.075 y of glucagon, the ac- 
tion of 30 y of glucagon-free insulin (Novo insulin), and the action of both 


: < * when added together. The results (Table II) indicate that neither 0.075 


y of glucagon nor 30 of insulin influence glycogenolysis significantly, but 


f liver, 
han jj, that together they greatly increase the glucose output from liver slices 
TABLE I 
, Effect of Glucagon-Free Insulin (Novo) and Insulin Containing 
5 Wert Approzimately 1 Per Cent of Glucagon (Lilly) on Glucose 
haker Output from Rabbit Liver Slices 
lucos: 
t tro : Glucose output in mg. per 100 mg. of liver tissue 
ty System 
| Experi- | Experi- | Experi- | Experi- | Experi- 
noun ment 1 ment 2 ment 3 ment 4 ment 5 
PE ee ee 1.10 | 1.65 | 1.45 | 1.53 | 1.60 
olytic F Glucagon, 7.57 perml................. 1.60 2.25 | 2.09 | 2.18 | 2.58 
Insulin (Novo), 30 y per 1.61 1.41 1.43 1.71 
con: (Lilly), 30 y per ml............ 1.60 2.28 2.14 2.22 2.21 
= Each value is the mean of three different slices. 
the TABLE II 
used q Effect of Glucagon-Free Insulin (Novo), 0.075 y of Glucagon, and Both Added 
rtico- 4 Together on Glucose Output from Rabbit Liver Slices 
wo Glucose output in mg. per 100 mg. of liver tissue 
System 
ES ri- | Experi- Experi- | Experi- Experi- 
sured = | ment 1 ment 2 ment 3 ment 4 ment 5 
I ha 1.43 | 1.54 | 1.59 | 1.89 | 1.30 
cent «Glucagon, 7.5 y per ml................. 2.08 2.17 2.55 2.65 1.80 
dent | “0.075 y perml...............) 1.51 | 1.45 | 1.60 | 2.09 | 1.41 
over © Insulin (Novo), 30 yperml............ 1.42 1.44 1.70 1.81 1.40 
gon, 0.075 y per ml.................. 2.11 | 1.83 2.53 2.61 1.79 
rests & Each value is the mean of three different slices. 
nave 


ver} (p <0.001). According to these observations, minute amounts of gluca- 

.K : gon, in the presence of insulin, may produce the same glycogenolytic effect 
-. as much larger amounts when used alone.‘ This increased glycogenolytic 

the effect is obtained only if insulin and glucagon are both added at the same 
_ time to the incubation medium. Even if insulin is added only 10 minutes 

“4 o after the addition of glucagon, the glucose output is not increased. 

ora: & ‘ This observation was made independently by Dr. C. de Duve, who reported this 

ion. ‘finding at the Lilly Insulin Symposium in May, 1955. 
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This interaction of insulin and glucagon may be explained by recey 
observations in our laboratories (15), which suggest that the “proteolytic 
system of the liver, which degrades insulin, is probably not an absolute) 


specific one. Certain other hormonal and non-hormonal proteins, amoyf 


them glucagon, are probably also degraded by the same system in pity 
Excess amounts of these substances are thought to be able to decrease th 
rate of degradation of insulin in vitro by serving as substrate competitor 
for this enzyme system. Other studies suggest that insulin also can 
degraded by enzymatic reduction of its disulfide linkages.’ However, i 
is unlikely that this system is the one involved, since glucagon probabl 
does not contain any disulfide linkages (16). This hypothesis of a commn 
“proteolytic” system for insulin and glucagon may explain the presen § 
findings. Minute amounts of glucagon do not produce any significan § 


GLUCOSE OUTPUT IN % OF MAXIMAL STIMULATION 
50% 100% 


+ INSULIN (CLUCACON-FREE) 

+ a -CORTICOTROPIN 

+ CYSTEINE-INACTIVATED INSULIN 
+ a-CASEIN 

+ GROWTH HORMONE 

+ BOVINE PLASMA ALBUMIN 

+ RIBONUCLEASE 

+ a-LACTALBUMIN 


Fig. 1. Effect of various purified proteins on the glycogenolytic action of glucs. ‘ 
gon in liver slices. é 


increase in glucose output probably because small amounts of glucagon art : 
completely degraded rapidly. However, if relatively large amounts df 


insulin are added to the incubation medium, insulin may serve as a sul-} 


strate competitor and decrease the extent of destruction of glucagon. [| 
To investigate this hypothesis, other compounds which, according ti to a 
the insulin degradation studies, might serve as substrate competitors fo 
this enzyme system of the liver have been added to 0.075 + of glucagon, wi @ 
the mixture has been tested for glycogenolytic activity. The quantitis | 
of other compounds added to glucagon were equimolar to 30 y of insul | 
(15). Each compound has been tested in three different experiment. 
The results given in Fig. 1 represent the mean value of the percentages ¢! 
maximal stimulation by 0.075 y of glucagon in the presence of each com : 
pound, calculated according to the following formula: (X — C2/M — (i) x. 
100. Each letter indicates the glucose output in mg. per 100 mg. of ive Be 
tissue, Ci being the glucose output in buffer alone, C2 the glucose oul 3 


5 H. T. Narahara, unpublished results. 


in 
pl 
a 
in 
pl 
| hi 
si 
( 
ode 
ax 
sl 
GLUCAGON of 
Q075y 
ve 
1 
Ol 
a 
p 
h 


TYBERGHEIN, TOMIZAWA, AND WILLIAMS 949 


in buffer plus possible substrate competitor, M the glucose output in buffer 


. plus an excess amount of glucagon, and X the glucose output in buffer plus 
+ 0.075 y of glucagon and possible substrate competitor. It is obvious from 
> the data in Fig. 1 that the addition of insulin or other substances, such as 


a-corticotropin or growth hormone, to 0.075 y of glucagon greatly increases 
the glucose output from liver slices. Other compounds such as cysteine- 
inactivated insulin and a-casein have the same effect. However, not all 
proteins serve as substrate competitor for the enzyme system of the liver 
in vitro. Indeed, ribonuclease, a-lactalbumin, and bovine plasma albumin 
have little or no effect. The results of these experiments are strikingly 
similar to those of the earlier experiments concerning degradation of insulin 
(15). The degrees of effectiveness of successful competitors in the insulin 


: degradation study and in the present study are quite comparable. In 
- addition, compounds that had little effect in the insulin experiments are 


similarly ineffective in the present study. It still is possible that substances 


- effecting the sparing action are inhibitors rather than substrates for the 
_ glucagon-degrading system. However, the similarity in the results of this 
- and the previous study strengthens the hypothesis that the ‘‘proteolytic”’ 


4 & 


| 


system in the liver which degrades insulin in vitro is also capable of degrad- 
ing glucagon, a-corticotropin, and growth hormone. 

The fact that small amounts of glucagon may produce a significant in- 
crease in the glucose output from liver slices, when acting in the presence 
of insulin or certain other substances, makes this technique a very sensitive 
method for assaying glucagon. 


SUMMARY 
Evidence has been presented that insulin does not antagonize the glyco- 


- genolytic action of glucagon in liver slices. Moreover, a minute amount 
_ of glucagon, too small to influence glycogenolysis significantly when acting 
' alone, may produce a marked glycogenolytic effect when acting in the 
_ presence of excess insulin or proteins such as a-corticotropin or growth 


hormone. This phenomenon is best explained as being the result of com- 
petition of these substrates for the same degradative enzyme system of 
liver. | 
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STUDIES ON THE PURIFICATION OF LYSINID VASOPRESSIN 
FROM HOG PITUITARY GLANDS 


By DARRELL N. WARD anpo VINCENT vu VIGNEAUD* 


(From the Department of Biochemistry, Cornell University Medical 
College, New York, New York) 


(Received for publication, March 20, 1956) 


Previous work from this laboratory (1, 2) has demonstrated that the 
vasopressin from beef posterior pituitary lobes, after partial purification 
by the procedure of Kamm et al. (3), can be obtained in a high degree of 
purity by means of countercurrent distribution with the system 0.09 m 
p-toluenesulfonic acid-n-butyl alcohol. Although no detectable difference 
was observed in the physical properties or chemical composition of oxy- 
tocin prepared from either beef or hog posterior pituitary glands (4), 
Popenoe, Lawler, and du Vigneaud (5) observed a considerable difference 


between the partition coefficients, in the solvent pair mentioned above, 
_ of the vasopressins, depending upon whether they were obtained from hog 


or beef glands. The vasopressin obtained from beef glands contained 


_ arginine as one of its eight constituent amino acids, while, in the vasopressin 


from hog glands, lysine was present instead of arginine, the remaining 
seven amino acids being the same as those in the vasopressin from beef 


E glands. The two vasopressins have been called arginine vasopressin and 
_ lysine vasopressin (5). 


In the preliminary work on lysine vasopressin, it was believed that some 


: inactivation had occurred during the isolation of the material, and there- 
_ fore it was suggested that the potency of the best product at that time (175 
_ pressor units per mg.) was probably not the maximal potency of lysine 


_ vasopressin (5). The present work represents further studies on the puri- 


_ fication of lysine vasopressin which have resulted in preparations of con- 
_ siderably higher potency. Desiccated hog posterior pituitary glands 


_ (powdered) are first fractionated according to the procedure of Kamm et al. 


_ (3), and then subjected to electrophoresis on powdered cellulose with 
' pyridine acetate as a volatile buffer. The pressor material thus obtained 
_ is further purified by countercurrent distribution between either 0.1 per 
_ cent acetic acid-sec-buty] alcohol or 0.08 m p-toluenesulfonic acid-sec-buty] 


_ alcohol. The highest potency obtained in the present experiments is 235 
_ to 255 pressor units per mg. , 


* The authors wish to express their appreciation to the Lederle Laboratories Divi- 


‘ sion, American Cyanamid Company, and the National Heart Institute, Public Health 
a Service, for research grants which have greatly aided this work. 
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BAPERIMENTAL, 


Starting Material Dried, powdered, posterior pituitary glands 
hogs! were used as the starting material, ‘This material showed an activity 
of 1.3 depressor units per mg. on assay in the chicken (6) and 1.3 presse, 
units per mg. on assay in the rat (7). Purification according to the metho 
of Kamm et al. gave a powder with a potency of 50 pressor units per mg 
and 22 avian depressor units per mg. in the most potent pressor fraction 
(Fraction e (3)), and this material was used for all further purification, 

Intermediate Purification’—Earlier experiments in this laboratory had 
indicated that an efficient purification of Fraction e could be obtained by 
electrophoresis on powdered cellulose (8). Since vasopressin readily passes 
through the usual dialysis membranes (9), it is necessary to employ ; 
volatile buffer in order to obtain the hormone free from buffer after electro. 
phoresis. Pyridine acetate was selected for this purpose, since it may be 
readily removed by lyophilization under reduced pressure at a tempera. 
ture of about —5°. To calculate the ionic strength of the buffer, the fol 
lowing equilibrium is considered to be almost completely toward the right 
in a dilute aqueous medium for the pH range 5 to 6. 


C;H;N + CH;COOH = CH;COO- + C;H;NH+ 


Thus, the concentration of acetic acid will effectively determine the ionic 
strength. A solution containing 0.1 mole of acetic acid and 0.3 mole o 
pyridine per liter and having a pH of 5.6 was used for the buffer.’ 


A detailed description of the apparatus for electrophoresis has been} 
given by Kunkel (10). Powdered cellulose‘ was used as the supporting} 
medium for the zone electrophoresis. The cellulose was moistened with | 
buffer and the slurry poured into a mold of waxed paper supported by if 
wooden frame. After excess buffer had been pressed from the cellulose | 
block (18 &K 4 X 3 inches), the wooden frame was removed and the ma | 
terial placed on the block for electrophoresis. At a pH of 5.6, it was con | 
venient to place the material containing partially purified oxytocin ani” 
vasopressin on the anode side of the block about 2.5 inches from the end. ~ 
since both hormones migrate toward the cathode at this pH (11). Thi” 


terial. 


was low (30 to 40 per cent). 


3 Pyridine was dried over sodium hydroxide and distilled within a few days pno a 


to use. Glacial acetic acid was also distilled before use. 
4 Solka-Floc, SW-40-A, Brown Company, New York. 


1 The authors are indebted to Parke, Davis and Company for a gift of this ma 3 


2 Some attempts were made to purify Fraction e by salt precipitation with organi \ 
acids, followed by removal of the acid with a weak base type ion exchange resin |~ 
By such a procedure, with the use of the picrate salt, material with a potency of y 
to 130 pressor units per mg. could be obtained. However, the recovery of activity” 
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allowed most of the length of the block to effect their separation, —Approxi- 
mately 500 mg, of Fraction ¢ in 0.8 to 1.0 ml. of buffer were placed on a 
line across the block and washed into the block along the edges of the origi 
nal line with an additional 0,2 to 0.4 ml, of buffer, 

Electrophoresis was carried out at 5° with a potential across the cellulose 
block of 400 volts. Under the conditions of the experiment, the current 
varied from 70 to 90 ma, Duration of several experiments varied from 40 
to 60 hours. After 24 to 30 hours, the buffer in the electrode vessels was 
changed to prevent accumulation of products of the electrode reactions 
which might carry into the cellulose block. 

At the end of the electrophoresis, the waxed paper wrapper was removed 
from the cellulose block and half-inch segments were marked off from the 
origin with the edge of a spatula. The segments were teased apart at the 
mark with two spatulas. The buffered solution was pressed mechanically 
out of these segments, since suction filtration produced foaming with the 
peptide solutions and also required rather large volumes of wash water. 
For expressing the solution from the segment, a 20 ml. glass syringe was 
used in preliminary expriments, but recently we have designed a stainless 
steel press which is more convenient for this purpose. Each segment 
yielded 12 to 15 ml. of buffered solution, the amount depending on the 
degree of dryness of the remaining cellulose pellet, which was then washed 
by forcing 3 ml. of distilled water through it. With this washing, an addi- 
tional 5 to 10 per cent of material could be recovered. The wash solution 
and original expressed material were pooled and aliquots taken for bio- 


- logical assay and colorimetric determination. After location of the hor- 


mones, the respective solutions were concentrated and lyophilized. For 
colorimetric measurement of peptide material, the method of Folin as modi- 
fied by Lowry et al. (12) was used. 

Countercurrent Distribution—Two solvent systems, 0.1 per cent acetic 
acid-sec-butyl alcohol and 0.08 m p-toluenesulfonic acid-sec-butyl alcohol,® 
were used for countercurrent distribution of the electrophoretically puri- 


_ fied material. For the distribution in 0.1 per cent acetic acid-sec-buty] 
~ alcohol, 180 mg. of material with a potency of 155 pressor units per mg., 


- ora total of approximately 27,900 pressor units, were dissolved in 50 ml. 


of the lower phase, and equal portions (10 ml.) of this solution were placed 
along with 10 ml. of the upper phase in the first five tubes of the counter- 


» current distribution apparatus (13). Although the distribution coeffi- 


cient of the material in this system is low, the availability of an automatic 
countercurrent distribution machine made it possible to use a large number 


* sec-Butyl alcohol was peroxide-free and freshly distilled prior to equilibration 


_ with the lower phase; p-toluenesulfonic acid was obtained from the Eastman Kodak 


Company and used without further purification. 
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of transfers in order to offset this difficulty. Furthermore, our experien. | y 
indicated that the hormone was stable for periods of 2 to 3 weeks at ron} a 
temperature in such a system. With time allowed for analyses at varioy Pa 
stages of the distribution, approximately this length of time is required fq 

a distribution of 1000 to 2000 transfers. ti 

After the distribution had been carried through 366 transfers, the ulta Bt! 
violet absorption of 3 ml. aliquots from the lower layer of various tube Bs 
was measured at 275 mu in a Beckman model DU spectrophotomete Ey 
After measurement, the aliquots were returned to the appropriate tube jp 
the machine, A small amount of absorption was noted ahead of the main Bd 
peak in the distribution curve. This material (tubes 57 to 80) was bio Fa: 
logically inactive and the contents of these tubes were removed from the 
distribution at this stage and replaced with fresh solvent. The machin 
was then set to recycle (13). 

After 1068 transfers, the ultraviolet absorption pattern was again de. 
termined. After 1555 transfers, the distribution was stopped and the 
ultraviolet absorption determined for every third to fifth tube. The Folin. t] 
Lowry color (12) was also measured on 0.2 ml. aliquots of the lower phas, | 
The distribution curve thus established was finally checked with a weigh } 4 
determination on 0.5 ml. aliquots from selected tubes across the distribu. E 
tion (14). Pressor assays were carried out on aliquots from the lower layer fe 
of approximately every tenth tube. The contents of tubes from the are | 
containing the peak of the pressor activity were then pooled, concentrated, 
and lyophilized. 

For the distribution in 0.08 m p-toluenesulfonic acid-sec-butyl alcohol! | 
325 mg. of material with an activity of approximately 170 pressor units : F 
per mg. were used (55,300 units). After 226 transfers, measurement oi f 
the Folin-Lowry color on 0.1 ml. aliquots of selected tubes indicated th} 
presence of material in tubes 125 to 170 which did not travel with the maj", 
component. The contents of these tubes were removed and replaced with} , 
fresh solvent and the machine was set for recycling. After 1070 transfer, . . 
the distribution was stopped and an aliquot taken from every third or fifth — p 
tube for Folin-Lowry color determination, ninhydrin color determinatin 
(15), and pressor assay. < p 

The fractions in the peak area were collected and pooled. The uppe | 
layer was removed in a separatory funnel and extracted twice with one-al) , 
its volume of water. The aqueous extract and lower layer were thencom  —,, 
bined and passed over an Amberlite IR-45 resin in the acetate formto”  , 


* sec-Butyl alcohol was employed in place of n-buty] alcohol, used in earlier work tl 
with a non-automatic machine at 5-10° (5), in order to avoid esterification of th ¢ 
upper phase by the lower phase which occurs with the n-butyl alcohol during pro cS t! 
longed periods of shaking at room temperature. Our facilities did not permit the = ' 
operation of the automatic countercurrent distribution machine at 5-10°. 2 


ih 
j 
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remove p-toluenesulfonic acid. Assay of aliquots for pressor activity before 
and after passage over the resin indicated a 96 per cent recovery of pressor 
activity from the peak area by this method of extraction. 

After removal of the p-toluenesulfonic acid, the solution was concen- 
trated in a rotary evaporator to a volume of approximately 20 ml. It was 
then evident that some fine particles had been carried off the resin, and the 
solution was therefore centrifuged at 3000 r.p.m,. until clear. ‘The super- 
natant liquid, which retained a slight color, was decanted and lyophilized. 

Pressor assays were carried out on the dried material obtained from both 
distribution studies, and hydrolysates of these products were analyzed for 
amino acids by starch column chromatography (16). 


RESULTS AND DISCUSSION 


Fig. 1 shows a typical electrophoretic purification of Fraction e from the 
procedure of Kamm et al. (3). There were evident at least four, and pos- 
sibly five, different components (Peaks A to IX) which migrated toward 
the cathode under the experimental conditions. A comparison of the 
curves for pressor and avian depressor activity after 60 hours indicated 
that considerable separation of oxytocin from vasopressin had occurred. 
Enzymatic degradation of lysine vasopressin has already provided evidence 
for the intrinsic avian depressor activity of the hormone (17), and the 
curve for avian depressor activity in Fig. 1 affords further evidence in this 
connection. 

Although the relative position and height of the peaks in Fig. 1 were 
reproducible from one electrophoretic experiment to another, the distance 
of migration varied by as much as 2.5 inches (for vasopressin) under ap- 
parently the same conditions. Thus it was necessary to establish the 
Folin-Lowry color pattern for each experiment. The variation in distance 
of migration probably depends upon the degree of moistening of the cellu- 
lose block during preparation. Recovery of activity in the various experi- 
ments was quite reproducible at 70 to 80 per cent, with more than a 3-fold 
purification, the activity of the product ranging from 155 to 180 pressor 
units per mg. for the vasopressin fraction. The oxytocin fraction had a 
potency of 70 to 85 avian depressor units per mg. 

The pattern obtained upon subjection of the vasopressin fraction from 
electrophoresis to countercurrent distribution in 0.1 per cent acetic acid- 
sec-butyl alcohol indicated the presence of at least one impurity. How- 
ever, since the main component did not give a typical distribution curve in 
this system, it was difficult to evaluate the purity of the material by this 
criterion. The vasopressin peak showed fairly good agreement with the 
theoretical curve on the leading edge but trailed markedly on the other 
side. The trailing effect was not very evident after 366 transfers but was 
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appreciable after 1068 transfers. After 1555 transfers, 79 mg. of materiy } J 
were recovered from tubes 96 to 130. This material showed a preg | 
activity of 220 to 255 units per mg. and accounted for about 75 per cen } 
of the activity of the starting material, while the shoulder fractions (tube | 


50 to 95 and 131 to 140) accounted for an additional 10 to 12 per cent. 


E 
0.44 40 
Q 03 
» 
0.2 120 5 
' 
0.1 10 
SEGMENT NO. CATHODE 


Fia. 1. Electrophoresis of partially purified lysine vasopressin on powdered cellu: | q 
lose ; 60 hours, 400 volts, 70 to 90 ma., pyridine acetate buffer, pH 5.6, P'/2 = 0.1. Tet 4 cS 
solid outline represents bar graphs for the Folin-Lowry color determinations on0! ” 
ml. aliquots of the expressed material from half-inch segments numbered from the | i 


point of application toward the cathode; O, pressor activity; A, avian depressor 


activity (usually determined on 0.1 ml. aliquots diluted to 1 ml.). Peak C contain # 


the oxytocin, Peak E the vasopressin. 


The molar ratios of the eight amino acids and ammonia in the hydroly- 
sate of the material from tubes 96 to 130 were determined, according to; 
the method of Moore and Stein (16) for starch column chromatography; * ’ 
to be phenylalanine 1.0, tyrosine 0.83, proline 1.1, glutamic acid 1.1, apa 6 4 


tic acid 0.97, glycine 1.1, lysine 1.0, cystine 0.84, put ammonia 3.95. 


For the material (7.8 mg.) in the small peak (tubes 145 to 152) traveling 


7 The solvent system was 1:2:1 n-butyl alcohol-n-propy] alcohol-0.1 n HCl, fal 
lowed by 2:1 n-propyl alcohol-0.5 Nn HCl. The value for lysine was arbitrarily chose s 


as 1.0. 
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| just ahead of the vasopressin peak, the ratio between the amount of ultra- 
violet absorption and the Folin-Lowry color was almost twice that for the 
- material in the vasopressin area. 


When the electrophoretically purified vasopressin was subjected to 


countercurrent distribution in 0.08 m p-toluenesulfonic acid-sec-butyl 
alcohol, some inactive material appeared as a wide flat band in front of the 
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TUBE NUMBER 


Fic. 2. Countercurrent distribution of purified lysine vasopressin in 0.08 m p-tol- 
uenesulfonic acid-sec-butyl alcohol, 1070 transfers; O, Folin-Lowry color determina- 
tions on 0.5 ml. aliquots of the lower layer (used to calculate K); A, pressor activity 
in 1 ml. aliquots from lower layer; X, theoretical distribution curve for substance 


- with K 0.72. 


_ vasopressin peak and was removed for the most part after 266 transfers. 
_ After 1070 transfers, there were still traces of this faster moving impurity 
_ detectable on the leading edge of the vasopressin peak. The distribution 
_ pattern is shown in Fig. 2. The peaks of the curves for pressor activity, 
_ Folin-Lowry color reaction, and ninhydrin reaction (not shown in Fig. 2) 
~ appeared close to the peak of the theoretical curve for a single component 
with K 0.72. 


From tubes 425 to 470, 149 mg. of material which assayed 235 to 250 


| pressor units per mg. were obtained. The activity of this product ac- 
- counted for approximately 68 per cent of the activity present in the ma- 
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terial before distribution. An additional 10 per cent of the activity of th | 
starting material was found in the side fractions (tubes 405 to 424 and 47; f 


to 500). The molar ratios’ of the eight amino acids and ammonia jp; 
hydrolysate of this vasopressin preparation were phenylalanine 1.2, tyr. 


sine 1.0, proline 1.1, glutamic acid 1.1, aspartic acid 1.0, glycine 1.0, lysine f 


1.0, cystine 1.0, and ammonia 3.3. 


The authors gratefully acknowledge the capable assistance of Miss Joa, F 


Krakow, Mrs. Sylvia Kirsimagi White, Mrs. Ailsa M. Swan, and M; 
Richard Murphy with the assays and the analyses of amino acid. 


SUMMARY 


Partially purified preparations of lysine vasopressin obtained from the 
posterior lobe of hog pituitary glands have been purified by electrophoresis 
on cellulose with pyridine acetate as a volatile buffer, followed by counter. 
current distribution in either 0.1 per cent acetic acid-sec-buty! alcohol or 
0.08 m p-toluenesulfonic acid-sec-butyl alcohol. The highest  poteney 
attained for the product of either distribution was approximately 25 
pressor units per mg. 
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IN VITRO STUDIES ON THE CONVERSION OF FOLIC 
ACID TO CITROVORUM FACTOR* 


By V. M. DOCTOR 


(From the Section of Experimental Medicine, The University of Tezas, 
M. D. Anderson Hospital and Tumor Institute, Houston, Texas) 


(Received for publication, February 20, 1956) 


An enzyme system converting pteroylglutamic acid (PGA) to citrovorum 
factor (CF) has been reported (1-5) in rat and chick liver and in suspensions 
of bacterial and leucemic cells. ‘The influence of several factors on the 
optimal formation of CF by different enzyme systems has also been in- 
vestigated (1-5). Addition of PGA, glucose, ascorbate, and formate or 
serine is required for an optimal formation of CF by suspensions of Strep- 
tococcus faecalis A (4) or by a suspension of leucemic cells (5). Cell-free 


extracts of the bacterial cells required further addition of adenosine tri- 


phosphate (ATP), diphosphopyridine nucleotide (DPN), and Mg* for an 


— optimal CF formation (4). Nichol (6) reported that formation of CF from 


PGA in chick liver homogenate at an optimal pH of 6.2 proceeded well un- 


der anaerobic conditions. Doctor et al. (3) obtained a 43 per cent conver- 
- sion of PGA to CF when chick liver supernatant solutions were incubated 
- with PGA, homocysteine, serine, and magnesium in an atmosphere of ni- 
trogen. A recent report (7) suggests that the precursor of CF is a highly 
_ labile compound which exhibits properties identical to 10-formyltetrahy- 
|. dropteroylglutamic acid. The latter is converted non-enzymatically to 
: citrovorum factor under anaerobic conditions, but is oxidized to 10-formyl- 
_ pteroylglutamic acid under aerobic conditions (8). 


Conversion zn vivo and in vitro of PGA to CF in rat is markedly inhibited 


_ by administration of Aminopterin (9). The latter also completely blocks 
_ the enzymatic conversion of PGA to CF by chick liver homogenate (10). 
_ Aminopterin has been suggested as interfering with the conversion of PGA 
' to tetrahydro-PGA (THPGA) in pigeon liver extract (11). Growth of 
- S. faecalis and rats is reported to be inhibited by 2 ,4-diaminopyrimidines, 
_ and the simultaneous addition of CF greatly diminishes the inhibition (12). 


* This work was supported in part by a grant from the American Cancer Society. 
_ Leucovorin (Lederle), folic acid, and Aminopterin were generously supplied by the 
» Lederle Laboratories Division, American Cyanamid Company, Pearl River, New 
- York. Analogues of pyrimidine and purine were obtained through the courtesy of 
~ the Wellcome Research Laboratories, Tuckahoe, New York. The author is indebted 
= to cn Tad Patton for preparing tetrahydropteroylglutamic acid used in the present 
study. 
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The present report concerns the study of factors affecting PGA to (fT 
conversion by the chick liver supernatant solutions. Preliminary obge. 
vations have also been made on the possible mode of action of folic agi; 
analogues on the conversion. : 


EXPERIMENTAL 


Factors Effecting Conversion of PGA to CF by Chick Liver Supernatg; 
Solution—Straight run (New Hampshire males X single comb white Leg. 
horn females) cross-bred chicks of 10 to 12 weeks of age were used for th 
source of liver throughout the experiments. The diet. used consisted ¢j 
Purina Startena (Ralston Purina Company), supplemented by 10 mg. ¢ 
PGA and 30 y of vitamin Biz per kilo of diet. The chick liver supernatan; 
solutions were prepared in the following manner: 20 per cent homogenate 
of chick liver were made in 0.08 m sodium potassium phosphate buffer, 
pH 6.6, with a Waring blendor. An aliquot of the homogenate was cep. 
trifuged for 10 minutes at 13,000 X g, and the clear portion of the superna. 
tant solution was decanted off and made to the volume of starting homog. 
enate with an aliquot of the same buffer. 5 ml. each of the supernatant 
solution were tested for PGA to CF conversion studies, as described earlier 
(13). In all instances the incubation mixture contained the supernatant 
solution, 10 mg. of serine, 5 mg. of homocysteine, and 10 mg. of magnesium 
chloride. Conversion of PGA to CF was carried out in supernatant solu. 
tions made in 0.08 m phosphate buffers of pH 4.5 to 9.0. Studies were also 
conducted on the effect. of exposure to nitrogen, oxygen, and heat on con- 
version, 


i'ffect of Analogues of Folic Acid, Purine, Pyrimidine, and Amino Aeid | 


on Conversion of PGA to Cr—-The effect of 0.5 mg. of the analogues of py- 


rimidine, purine, and amino acids on the conversion of 100 y of PGA to f 
CF by the liver supernatant solution was studied. Aminopterin and 2,4 | 
diamino-5-(p-chloropheny])-6-ethylpyrimidine were added in 10 y quanti © 
ties to study their effects on the conversion. Studies were also conducted © 
on the recovery of 75 y of CF when added to the boiled chick liver super. § 


natant solution in the presence of each of the analogues tested. The effect 
of 0.5 mg. quantities of thymine, uracil, adenine, guanine, hypoxanthine, 
cysteine, and glycine on the conversion of 100 y of PGA to CF by the super- 
natant solution was studied. The nature of the inhibition of PGA to CI 
conversion by 2 ,4-diamino-5-(p-chloropheny])-6-ethylpyrimidine and 2,6 


diaminopurine was investigated by plotting the reciprocal of PGA concen- © 
trations (50 y to 500 y) against the reciprocal of the concentrations of CF 
synthesized in the presence and in the absence of the analogue. The effect | 

of 10 mg. of thymine or 10 mg. of adenine on the inhibitory effect of an 2 
alogues of pyrimidine and purine on CF synthesis was studied. In all in © 
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stances the samples were incubated under nitrogen for 3 hours. At the 
end of the incubation period, the incubation mixtures were neutralized to 
pH 6.8 and autoclaved for 30 minutes at 120°. After cooling, the samples 
were homogenized in a Waring blendor, made up to volume, filtered, and 
the filtrate was assayed. The CF content of the liver samples was deter- 
mined by using the Bacto-CF assay medium (Difco Laboratories, Inc., 
Detroit, Michigan). Leuconostoc citrovorum ATCC 8081' was used as the 
test organism, and leucovorin (Lederle) was employed as the standard. 
The cultures were incubated 48 hours at 37° and growth was measured by 
turbidimetric procedure. Since leucovorin has been reported to be half as 


~ active as the CF isolated from a horse liver (16), the microbiological assay 


values are divided by 2 in order to express the results in terms of the nat- 
urally occurring CF. 


RESULTS AND DISCUSSION 


It is apparent from Fig. 1 that pH 6.6 is optimum for the conversion of 
PGA to CF by the chick liver supernatant solutions. The conversion falls 
sharply at pH values above or below 6.6. The results in Fig. 2 indicate 
the effect of heating the incubated mixture on the formation of CF. In- 
creasing the time of autoclaving of the incubated mixture gives an increased 
formation of CI’. It is interesting to note that the formation of CF from 
endogenous precursors is also increased by autoclaving. ‘The increase in 
Cl during autoclaving may be due to a non-enzymatic formation of CI 
from a precursor formed during incubation, Similar increase in CF for- 
mation by heat has also been reported (7) in the formation of CF’ by a sus- 
pension of SS. faecalis A or by a preparation of pigeon liver. In Table I, 
the results show that incubation under nitrogen for 140 minutes, followed 
by autoclaving at 120° for 30 minutes, gives an optimal formation of CF. 
On the other hand, exposure to oxygen results in a lowering of CF for- 
mation. 

Cofactor Requirement for CF’ Synthesis—The components required for the 
conversion of PGA to CF by chick liver supernatant preparations include 
PGA, serine, homocysteine, and Mg++ (3). Freshly prepared extracts of 
chick liver acetone powder are reported to incorporate 6-carbon of serine 
into CF (17, 18). The reports by Blakley (11) and Kisliuk and Sakami 
(19) indicate the possible formation of a hydroxymethyltetrahydropteroyl- 
glutamic acid as an intermediate in the conversion of serine to glycine by 
pigeon liver extracts. In the present studies the chick liver supernatant 
solutions convert PGA to a compound which, upon heating, gives CF. 

‘A recent report by Felton and Niven (14) concerning a taxonomic study on the 


culture Leuconostoc citrovorum ATCC 8081 suggests that the latter organism is a 
typical strain of Pediococcus cerevisiae, as described earlier by Pederson (15). 
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N°-Formyltetrahydropteroylglutamic acid has been reported to un 


@ rearrangement upon autoclaving with the formation of CF (7). Furthe. [ 
more, both the precursor of CF and N’°-formyltetrahydropteroylglutam; | 


acid are labile to oxygen and can yield CF under anaerobic conditions (20) | 
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pH 


Fia. 1. Effect of pH on conversion of PGA to CF by chick liver supernatants | 
lutions. Incubation mixtures contained 5 ml. of supernatant solutions of liver in | 
0.08 m phosphate buffers of different pH values, along with 5 ml. of the same bufler | 
and aliquots of solutions containing the following amounts of substances, to makes ~ 
total volume of 11 ml.: 100 y of PGA, 10 mg. of serine, 5 mg. of homocysteine, ani © 
10 mg. of magnesium chloride. Flasks were incubated under nitrogen at 37° fo — 


3 hours and were later autoclaved at 120° for 30 minutes. 


Effect of Homocysteine on CF Synthesis—The results shown in Table Il _ 


demonstrate that homocysteine is the most effective reducing agent in en | 


hancing the conversion of PGA to CF. Furthermore, the results indicate” 
that homocysteine may enhance the conversion by influencing the forms — 
tion of the labile precursor of CF from PGA and also by protecting ths ~ 


intermediate against oxygen during the autoclaving process which is em- | ‘ 


ployed. 


Effect of Analogues on PGA to CF Conversion—It is apparent from the re : 
sults in Table III that 10 y of Aminopterin completely block the enzymatic : | 
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conversion of 100 y of PGA to CF. Among the pyrimidine analogues 
tested, only the 2,4-diaminopyrimidines inhibit the conversion. The lat- 
ter is also inhibited by 2,6-diaminopurine while 8-azaguanine, 6-mercap- 
topurine, 6-thioguanine, and 6-chloropurine have no inhibitory effect. 
Ethionine and azaserine in the amounts tested have no effect on the con- 
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Fig. 2. Effect of time of autoclaving of incubated mixture on formation of CF. 
The enzyme incubation mixture contained 5 ml. of chick liver supernatant solutions 
in 0.08 mM phosphate buffer of pH 6.6, along with 5 ml. of the same buffer and aliquots 
of solutions containing the following amounts of substances to make a total volume 
of 11 ml.: 100 y of PGA, 10 mg. of serine, 5 mg. of homocysteine, and 10 mg. of mag- 
nesium chloride. All the samples were incubated under nitrogen at 37° for 3 hours 
and were later autoclaved at 120° for different lengths of time. 


version. ‘The recovery of CF added to chick liver supernatant solutions in 
the presence of 0.5 mg. quantities of the analogue tested was between 90 
and 105 per cent. This would indicate that the presence of the analogues 
in the samples tested for CF assay did not exert any effect on the growth 
of the assay organism. The conversion of PGA to CF was not influenced 
by addition of 0.5 mg. quantities of thymine, uracil, adenine, guanine, hy- 
poxanthine, cysteine, and glycine. 

The results on the effect of thymine and adenine on the inhibitory effect 
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TABLE 


Effect of Heat and Exposure to Nitrogen and Air on Formation of CF 
by Chick Liver Supernatant Solutions* 


CF per gm. liver 
Exposure 

Unheated Heated 

min. Y Y 
0 2.5 55.5 

Atmosphere of nitrogen 
80 12.0 100.8 
160 21.4 104.0 
310 26.9 99.5 
Exposed to air 

80 12.0 80.0 
160 24.0 76.5 
310 27.0 71.0 


* Flask components: 5 ml. of liver supernatant solutions in 0.08 m phosphate | 
buffer of pH 6.6, along with 5 ml. of the same buffer and aliquots of solutions con. | 
taining the following amounts of substances, to make a total volume of 11 ml.: 10 
y of PGA, 10 mg. of serine, 5 mg. of homocysteine, and 10 mg. of magnesium chloride. | 
All the flasks were incubated under nitrogen at 37° for 1 hour. Two pairs of dupli- | 
cate flasks were then removed. One pair was autoclaved at 120° for 30 minutes, and | 
the other was frozen immediately. The rest of the flasks were maintained under 1ni- | 
trogen or exposed to air for various exposure periods and then autoclaved or frozen. | 


TaBLeE II 
Effect of Homocysteine and Other Reducing Agents on Conversion of PGA to CF 
CF synthesized 
Additions*® 
Reducing agent added | Reducing agent added 
during incubation after incubation 2 
y per gm. liver y per gm. live 


* Flask components: 5 ml. of liver supernatant solutions in 0.08 m phosphate buffer ~ 
of pH 6.6, along with 5 ml. of the same buffer and aliquots of solutions containing the |~ 
following amounts of substances, to make a total volume of 11 ml.: 100 y of PGA, ~ 
10 mg. of serine, 5 mg. of the reducing agent, and 10 mg. of magnesium chloride - 
The flasks were incubated under nitrogen at 37° for 3 hours and were later autoclaved a 
at 120° for 30 minutes. ee 
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of the analogues of pyrimidine and purine on the PGA to CF conversion 
are presented in Table IV, and show that the conversion is significantly in- 
hibited by 10 y of 2,4-diamino-5-(p-chloropheny])-6-ethylpyrimidine and 1 
mg. of 2,6-diaminopurine, and that the inhibitory effect is not reversed by 
10 mg. of thymine and 10 mg. of adenine, respectively. The plot of the 


TaBLeE III 


| Effect of Analogues of PGA, Pyrimidine, Purine, and Amino Acid on Conversion of 


PGA to CF by Chick Liver Supernatant Solutions 


Additions CF per gm. liver 
a « + 2,4-diamino-5,6-dimethylpyrimidine.......... 57 
+ 2,4-diamino-5-p-chlorophenoxypyrimidine.. .. 43 
+ 2,4-diamino-5-p-chlorophenyl-6-ethylpyrimi- 
Complete system + 100 
75 
, serine, homocysteine, and Mgtt................... 6 


* Complete system: 5 ml. of liver supernatant solutions in 0.08 m phosphate buffer 
of pH 6.6 along with 5 ml. of the same buffer and aliquots of solutions containing the 
following amounts of substances, to make a total volume of 11 ml.: 100 y of PGA, 10 
mg. of serine, 5 mg. of homocysteine, 10 mg. of magnesium chloride, and 0.5 mg. of 
quantities of the analogues, except Aminopterin and 2,4-diamino-5-(p-chloro- 
phenyl)-6-ethylpyrimidine, which were added in 10 y quantities. Flasks were in- 
cubated under nitrogen at 37° for 3 hours and were later autoclaved at 120° for 30 
minutes. 


reciprocal of PGA concentrations against the reciprocal of CF synthesized 
in the presence and in the absence of the analogue give two separate straight 
lines with different slopes and intercepts. According to the mathematical 
formulation of Lineweaver and Burk (21), this would indicate a non- 
competitive relationship between PGA and 2,4-diamino-5-(p-chloropheny])- 
6-ethylpyrimidine and 2,6-diaminopurine for the converting enzyme. 
Aminopterin is reported to inhibit the enzymatic conversion of PGA to 
CF in rat and chick (9, 10). 2,4-Diaminopyrimidines and derivatives of 
condensed pyrimidine systems which contain this moiety are reported to 
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TaBLeE IV 


Mechanism of Inhibition of PGA to CF Conversion by 
2, 


and 2,6-Diaminopurine be 
+ CF per gm. liver p 

Experi- 
cpat Additions to system*® PGA added per flask al 
No. a} 
SOy | 1007 | 2007 | Soy 
10 y 
10 y 2,4-diamino-5-(p-chloropheny)]) -6-ethyl- St 
pyrimidine, 10 mg. thymine................ 14 22 30 DF 
1 mg. 2,6-diaminopurine..................... 24 | 45 61 | 102 § i 
1 10 mg. adenine..... 2 | 45 | 59 | 13 ° 


* System: 5 ml. of liver supernatant solutions in 0.08 m phosphate buffer of ph Ff A 
6.6 along with 5 ml. of the same buffer and aliquots of solutions containing the fd- — T 
lowing amounts of substances, to make a total volume of 11 ml.: 10 mg. of serine,5 th 
mg. of homocysteine, 10 mg. of magnesium chloride, and the analogues of pyrimidine | 
and purine, thymine, adenine, and different levels of PGA as mentioned above. The | de 
flasks were incubated under nitrogen at 37° for 3 hours and were later autoclaved | C 
for 30 minutes at 120°. 


TABLE V 
Effect of Folic Acid Analogues on Conversion of THPGA to e sc 
CF by Chick Liver Supernatant Solutions B V 
Additions to system* CF synthesized fc 
ID 
per gm. liver te 
+ “+ + 2,6-diaminopurine.......................... 35.5 
+ 4 “ 4 4-diamino-5-(p-chloropheny])-6-ethylpyri- 
* System: 5 ml. supernatant solutions of liver in 0.08 m phosphate buffer, pH65,—) 
along with the same buffer and aliquots of solutions containing the following sub {>< 


stances to make a total volume of 11 ml.: 100 y of THPGA, 5 mg. of homocysteine, I) ~ 
mg. of serine, 10 mg. of magnesium chloride, 10 y of Aminopterin, 1 mg. of 2,6-dis 
minopurine, 10 of The flask 


for 30 minutes. 


: 

were incubated under nitrogen at 37° for 3 hours and were later autoclaved at 10° > | 


t H = homocysteine, S = serine. 
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‘ be competitive antagonists of folic acid in the growth of Lactobacillus caset 
| (22). The diaminopyrimidines which possess a weighty substituent in the 5 


_ position of the pyrimidine nucleus have been reported to be more effective 


antagonists than the 5-unsubstituted or 5-alkyl derivatives (22). It is 
apparent that, under the presently described experimental conditions, Ami- 


 nopterin, 5-substituted 2,4-diaminopyrimidines tested, and 2,6-diamino- 
' purine inhibit the conversion of PGA to CF. The inhibitory effect of 2,4- 
diamino-5-(p-chloropheny])-6-ethylpyrimidine and 2,6-diaminopurine on 


the conversion is not reversed by thymine and adenine, respectively. 
Studies by Blakley (11) suggest that Aminopterin may interfere with the 
conversion of PGA to THPGA. Since THPGA has been postulated 


as the first intermediate in the conversion of PGA to CF (11, 17, 23) it was 
of interest to determine whether the conversion of PGA to THPGA was 
inhibited by 5-substituted 2,4-diaminopyrimidine, 2,6-diaminopurine, and 
Aminopterin in the present enzyme system. The results presented in 
Table V indicate that the conversion of THPGA to CF is not inhibited by 
the analogues. This may suggest that, under the experimental conditions 
described here, all three analogues may inhibit the conversion of PGA to 
CF by inhibiting the enzymatic conversion of PGA to THPGA. 


SUMMARY 


The enzymatic synthesis of CF from PGA by chick liver supernatant 
solutions is optimal at pH 6.6. Addition of homocysteine, serine, and 
Mgt+ is required for optimal CF synthesis. Incubation under nitrogen 


_ for 140 minutes, followed by autoclaving at 120° for 30 minutes, gives max- 


imal CF formation. 2,4-Diaminopyrimidines and condensed systems con- 


taining the 2,4-diaminopyrimidine moiety inhibit the enzymatic conversion 


of PGA to CF, but are without effect on the conversion of THPGA to CF 
under the same experimental conditions. The inhibitory effect of 2,4- 
diamino-5-(p-chloropheny]) -6-ethylpyrimidine and 2,6-diaminopurine is 
not reversed by thymine and adenine, respectively. Enzyme kinetic stud- 
ies indicate a non-competitive relationship between PGA and the analogues 


_ for the converting enzyme. 
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CYTOCHEMICAL STUDIES 


VII. LOCALIZATION OF ENDOGENOUS CITRATE IN 
RAT LIVER FRACTIONS* 
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The actual localization of the enzymes of the Krebs cycle within the 
liver cell is still a matter of some dispute. On the one hand, a large number 
of studies have shown that both isolated liver mitochondria and hetero- 
geneous preparations containing mitochondria (cf. (3, 4)) are capable of 
oxidizing each of the intermediate compounds of the tricarboxylic acid 
cycle and that other cell fractions are inactive. These findings have led 
to the conclusion that all of the Krebs cycle enzymes are localized in mito- 
chondria. 

Other studies, in which quantitative measurements have been made of 
the oxidation of Krebs’ cycle substrates by various eell fractions, have 
shown that this conclusion is untenable. Thus, it has been demonstrated 
that the oxidation of compounds such as isocitrate (5), a-ketoglutarate (6), 
and oxalacetate (7) was catalyzed only 20 to 50 per cent as effectively by 
isolated mitochondria as by unfractionated tissue homogenates. If, how- 
ever, the isolated mitochondria were supplemented with the other frac- 
tions of the cell in proportions equivalent to those prevailing in the whole 
tissue, the oxidative activity equaled that of the original tissue (5-7). 
These experiments, then, suggested that accessory factors, necessary for 
the maximal oxidation of these substrates, were present in fractions other 
than the mitochondria. The nature of some of these extramitochondrial 
factors was clarified by studies in which the intracellular distribution of 
individual enzymes of the Krebs cycle was determined. It was found that 
the pyridine nucleotide cytochrome c reductases (5, 8), aconitase (9), and 
isocitric dehydrogenase (5) were localized partially or mainly in cell frac- 
tions other than mitochondria. On the other hand, cytochrome oxidase 
was localized exclusively in mitochondria (10-12). Since this enzyme 
was the final one involved in the oxidation of Krebs’ cycle intermediates, 
it was clear why the oxidation of these compounds, as measured by oxygen 
uptake determinations, had been limited to isolated mitochondria. 


* Preliminary reports of some of the results presented in this paper have appeared 
(1, 2). 
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Although the latter studies indicated that not all tricarboxylic agig 
cycle enzymes were localized exclusively in mitochondria, the possibility | 
had to be considered that the extramitochondrial localization of these ep. | 


zymes was an artifact occurring during isolation or that the cell contained 
different types of the same enzyme in different locations. In order t 


investigate this problem further, it was decided to determine the intr. | 


cellular distribution of endogenous citrate within the liver cell, since it 


was reasoned that, if mitochondria were really deficient in aconitase o : 
isocitric dehydrogenase, this compound should accumulate in mitochondris F 
in vivo, provided that the mitochondria were able to retain it. The results F 


of these experiments are presented in this paper. 


Materials and Methods 


The following compounds were used in these experiments: sodium fluoro- 
acetate (Monsanto) and potassium citrate. Mitochondria were isolated 
from homogenates of the livers of female! Sprague-Dawley rats in 0.25 or 
0.88 m sucrose as described previously (14). 

Since sucrose was necessary in the preparation of mitochondria and 
since sucrose interferes with the usual pentabromoacetone procedure for 
citric acid, the method had to be modified. A procedure which proved 
successful in the presence of as much as 85 mg. of sucrose was the following 
(cf. (15)): 1.0 ml. of a trichloroacetic acid tissue extract was diluted to 2.0 
ml. with water, and 0.2 ml. of 18 N H2SQO,, 0.1 ml. of 55 per cent metaphos- 
phoric acid, 0.2 ml. of 20 per cent KBr, and 1.0 ml. of 5 per cent KMn0, 
were added in order. After 10 minutes, the tubes were decolorized with 
6 and 3 per cent H2O2 added dropwise at 0°. ‘The contents of the tube 
were then shaken with 5 ml. of cold heptane and centrifuged, and 4.5 ml. 
of the heptane layer were removed and extracted with 1.2 to 2.0 ml. of an 
aqueous solution containing 4 per cent thiourea and 2 per cent borax (16). 
The density of the yellow color was read at 445 muy in the Beckman spectro- 


photometer. The results obtained with this method were similar to those — 
obtained with the procedure of Natelson e¢ al. (16) in the absence of su 
crose. In some experiments the colorimetric reaction of citrate with pyn- — 
dine and acetic anhydride (17) was used to confirm results obtained with | 


the modified pentabromoacetone method. 


Total nitrogen was determined according to the method of Ma and | 


Zuazaga (18). 


1 We are indebted to Dr. Van R. Potter for calling to our attention the fact that, ‘: 


after fluoroacetate poisoning, citrate levels increase in the livers of female but not — 


of male rats (13). 
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Results 


The determination of the intracellular distribution of citrate in liver 
homogenates was complicated by the fact that the citrate was metabolized 
at a slow rate during the time required for the isolation of the tissue frac- 


tions. Adequate recoveries of the citrate present in the whole tissue were 


obtained when trichloroacetic acid was added at the same time to all tissue 


: fractions including the unfractionated homogenate. Approximately 20 


per cent of the citrate of the tissue was lost during the time necessary to 
isolate the mitochondria. 


TABLE I 
Association of Endogenous Citrate with Isolated Liver Mitochondria 
A female Sprague-Dawley rat was injected intraperitoneally with sodium fiuoro- 
acetate (3 mg. per kilo) in 0.85 per cent saline. 3 hours later the liver was removed 
and homogenized in 0.88 M sucrose and the mitochondria were isolated (14) and re- 
suspended in distilled water (Mw). The mitochondria were sedimented, resus- 
pended in water, and resedimented (Mws). 


Citric acid 
Liver fraction Total nitrogen ; 
Total Concentration 
mg. per gm. liver | vy per gm. liver per cent y per mg. N 

Homogenate........... 30.4 356 100 11.7 

Mitochondrial washings. 2.24 


Localization of Citrate—In preliminary experiments it was observed 
that over 90 per cent of the citrate present in the livers or kidneys of 
fluoroacetate-treated rats was recovered in the particulate material sedi- 
mented at 19,000 r.p.m. from homogenates in isotonic saline. 

In order to determine the localization of citrate more accurately, ho- 
mogenates of liver were prepared in sucrose solutions and separated by 
differential centrifugation into nuclear, mitochondrial, and residual cyto- 
plasmic fractions (14). As shown in Table I, 71 per cent of the citrate 
present in the livers of fluoroacetate-treated rats was recovered in the 
mitochondria isolated in 0.88 m sucrose. Similar recoveries were obtained 
when the fractionations were made in 0.25 m sucrose or when untreated 
rats were used as the source of tissue (Table II). About 10 per cent of 
the liver citrate was recovered in the nuclear fraction. This value cor- 


responds closely to the mitochondrial contamination of such nuclear prepa- 
rations (19). 


It was not possible to determine whether the remaining liver 
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citrate was present in the residual cytoplasm, since this fraction was ¢op. | 
siderably diluted during the isolation procedure and the presence of sucrog | 


did not permit concentration of the fraction for analysis. 


Release of Citrate from Mutochondria—The citrate present in isolated | 


liver mitochondria was readily released when the mitochondria were re. 
suspended in water at 0° and resedimented (Mws, Table I). Microscopie 
examination revealed that the mitochondria swell under these condition 
but are not disrupted during the short periods of time involved (20). Itis 


TABLE II 
Release of Endogenous Citrate from Heated Mitochondria 


In Experiment 1, mitochondria were isolated from a 10 per cent homogenate jn 
0.25 m sucrose of the liver of a female rat treated with 3 mg. per kilo of sodium fluoro. 
acetate. The isolated mitochondria were resuspended in 0.25 mM sucrose and treated 
as indicated. In Experiment 2, mitochondria were isolated from a 10 per cent 
homogenate in 0.25 m sucrose of the liver of an untreated female rat and resuspended 

in 0.25 M sucrose containing 0.02 m sodium fluoroacetate. 


Experiment No.| Liver fraction Addition Treatment Citric acid content 
per gm. liver 
1 Mw: None Kept at 0°, re- 233 
sedimented 
Washing 7 0 
Mw: - 15 min. at 37°, re- 66 
sedimented 
Washing 19 
2 Mw; 0.02 m fluoroacetate | 30 min. at 37° 34.1 
Mw: 0.02 66 66 37°, re- 2.4 
sedimented 
0.02 Kept at 0°, resedi- 32.5 
mented 


of considerable interest to note that, in addition to citrate, about one-half 
of the total nitrogen of the isolated mitochondria was also released during 
the water treatment. 

Citrate was released from isolated mitochondria in isotonic sucrose when 
they were subjected to mild heat.2, In Experiment 1, Table II, most of 


the citrate was apparently lost as the result of metabolism. A small) 
amount did, however, appear in the washing of the heated mitochondria. — 
When 0.02 m fluoroacetate was added to the isolated mitochondria, how. — 
ever, to prevent the metabolic loss of citrate during heating, the mito — 
chondrial citrate was released, as shown by the small amount of citrate — 


in the heated, resedimented mitochondria (Experiment 2, Table II). 


? Swelling of mitochondria under these conditions is indicated by our own expen: £ 


ments (21) as well as by those of others (22). 
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Sorption Expertments—In order to test the possibility that the citrate 
associated with isolated mitochondria was adsorbed or absorbed, mito- 


TABLE III 


Test for Sorption of Added Citrate by Isolated Liver Mitochondria and 
Submicroscopic Particles 

Mitochondria (Mw:) and submicroscopic particles (Pw) were isolated from 60 
ml. of 10 per cent homogenate in 0.25 M sucrose of the liver of an untreated female rat 
and made up to10 ml. The isolated Mw: and Pw fractions were diluted with 2 vol- 
umes of 0.25 m sucrose and resedimented to give fractions Mw; and Pw or were 
diluted with 2 volumes of 0.25 m sucrose containing potassium citrate and resedi- 
mented to give fractions Mw;A and PwA. 


Added citrate recovered 
Fraction Citrate added Citrate found 
Total Fraction 
7* per cent 
Mw; 0 190 
290 234 44 15 
290 37 25 9 


* Expressed as citric acid. 


TABLE IV 
Distribution of Mitochondrial Citrate after Sonic Vibrations 


Mitochondria (Mw) were isolated from a 10 per cent homogenate of rat liver in 
0.25 Mm sucrose and resuspended in 0.25 m sucrose. An aliquot of the isolated mito- 
chondria was exposed to sonic vibrations for 30 minutes at 0-2° to disrupt the mito- 
chondrial membranes. The disrupted suspension was then centrifuged for 60 min- 
utes at 35,000 r.p.m. in the SW-39 rotor of the Spinco ultracentrifuge. The 
supernatant fluid, S, was removed and the sediment, P, was resuspended in 0.25 M 
sucrose. 


Fraction Nitrogen content Citrate content* 
mg. per gm. liver y per gm. liver 


* Expressed as citric acid. 


chondria were isolated from normal rat liver, exposed to added citrate, 
and resedimented. The results of such an experiment are reported in 
Table III and show that only 15 per cent of the added citrate was recovered 
in the resedimented mitochondria. Since one-fourth of this citrate could 
have been present because of contamination of the pellet with supernatant 
fluid, the actual excess citrate in the resedimented mitochondria was 11 
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per cent of that added. In view of the fact that the citrate content of 
mitochondria can increase as much as 7-fold during fluoroacetate Poisoning 
(Table II), all of the added citrate could have been recovered in ihe re. 
sedimented mitochondria if sorption were involved. 

The results of Table III also show that the citrate content of isolated 
submicroscopic particles (Pw) was less than one-tenth that of isolated 
mitochondria. The submicroscopic particles also exhibited a low affinity 
for added citrate (PwA, Table III), in striking contrast to their marked 
ability to adsorb certain soluble enzymes associated with mitochondria 
(19). 

Distribution of Citrate after Mitochondrial Disruption—lIn order to de. 
termine whether citrate might be bound to the particulate fragments of 
mitochondria these granules were disrupted with sonic vibrations (23), 
The results (Table IV) show that about 75 per cent of the mitochondrial 
citrate was recovered in the soluble fraction, S, and indicate that this 
compound was not bound by the particulate mitochondrial fragments, 


DISCUSSION 


The finding that the endogenous citrate of rat liver was recovered al- | 
most exclusively in the isolated mitochondria is of interest from several | 
standpoints. Since such a small molecule was retained by mitochondria | 
during their separation, and since mitochondria would not sorb added cit- | 
rate, even though their citrate content could be increased several fold in | 


vivo by poisoning animals with fluoroacetate, the results indicate that the 
isolation procedures used were highly adequate for maintaining mitochon- 
drial integrity. Furthermore, since recent observations with the electron 


microscope have demonstrated a characteristic membrane surrounding | 


mitochondria and since mitochondrial citrate was lost when these granules } 


were disrupted, suspended in distilled water, or incubated at 38°, the 


simplest explanation of the results would seem to be that the mitochondrial 


membrane was impermeable to citrate. This conclusion would go far} 
toward dispelling one of the fears that has plagued cell fractionation since | 
its inception; namely, that leakage from mitochondria might occur during | 


their isolation in aqueous media. 


The hypothesis that mitochondria are surrounded by a semipermeable > 


membrane receives support from a number of experiments other than those F 


reported here. The latent behavior of certain mitochondrial enzymes 
(24-26) and the presence in mitochondria of large amounts of soluble pro- 
teins readily released by disruption of the mitochondrial membrane (23) 
favor this view. The release of almost half of the nitrogen from mito 
chondria upon their suspension in distilled water (Table I) gives added 
support to the latter experiments, but is in direct opposition to the failure 
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of Harman and Kitiyakara (22, 27) to observe release of nitrogen from 
muscle mitochondria under similar conditions. Since others also observed 
the release of large amounts of soluble nitrogen from liver mitochondria 
(28) and the mitochondria-like granules of the bovine adrenal (29) when 
treated with water, the findings of Harman may represent a speciai case. 
In any event, the findings with citrate, those of Siekevitz and Potter (28) 
on the retention and release of a large number of nucleotides and coen- 
zymes from mitochondria, and those on the uptake of ions by mitochondria 
during metabolism in vitro (30-32) also favor the concept of a semiperme- 
able mitochondrial membrane. The recent studies of Tedeschi and Harris 
(33) on the penetration of liver mitochondria by a large number of com- 
pounds showed, furthermore, that these granules behaved as osmometers 
whose behavior could be predicted from the classical osmotic laws. They 
reached the conclusion that liver mitochondria must be surrounded by a 
semipermeable lipoidal membrane. 

With respect to the intracellular distribution of enzymes of the Krebs 
cycle, the present results indicate that, in liver, citrate was synthesized 
exclusively in mitochondria in vivo, since this compound was localized in 
these granules even when the further metabolism of citrate was blocked 
by fluoroacetate in vivo. Normal liver mitochondria also appear to be 
deficient in the enzymes involved in the oxidation of citrate, because the 
activities of these enzymes in liver are so much greater than that of the 
citrate-forming enzyme that citrate would not be expected to accumulate 
in liver mitochondria if all of these enzymes were localized exclusively in 
these granules. Furthermore, the fact that citrate is retained by mito- 
chondria during isolation makes the possibility that isocitric dehydrogenase 
and aconitase had leaked from these granules during isolation even more 
remote than other experiments (23, 26, 28-33) had already indicated. 
Although it is apparent that isolated liver mitochondria will metabolize 
the citrate they contain (Table IT), this result cannot be accepted as evi- 
dence that mitochondria normally contain citrate-metabolizing enzymes, 
because the possibility that such enzymes had been adsorbed during isola- 
tion cannot be ruled out (cf. (5)). 


SUMMARY 


1. The intracellular distribution of the endogenous citrate of the liver 
of normal or fluoroacetate-treated rats was studied by differential centrifu- 
gation of liver homogenates. Approximately 70 per cent of the liver cit- 
rate was associated with the isolated mitochondrial fraction and the citrate 
concentration in this fraction was over 4 times as great as that in the whole 
tissue. It was concluded that the citrate of liver was probably synthe- 
sized exclusively in the mitochondria. 
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2. The mitochondrial citrate was released when the isolated mitochondrig 
were washed with distilled water at 0° or were heated for a short time g 
38° in the presence of fluoroacetate. About half of the mitochondrial 
nitrogen was also released by the water treatment. Since the mitochon. 
dria were swollen but not disrupted by these treatments and since the 
mitochondrial citrate was recovered in the soluble fraction after the mito. 
chondria were disrupted by sonic vibrations, it was concluded that the 
mitochondrial membrane, under conditions of appropriate tonicity, was 
impermeable to citrate. Other experiments supporting this conclusion 
showed that added citrate was sorbed by mitochondria to only a minor 
degree. 

3. The cytochemical implications and the relationships of these findings 
to previous studies on the intracellular localization of tricarboxylic acid 
cycle enzymes are discussed. 
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THE SYNTHESIS OF 


By MORTIMER LEVITZ anpo JEAN R. SPITZER 


(From the Department of Obstetrics and Gynecology, New York University 
College of Medicine, New York, New York) 


(Received for publication, February 13, 1956) 


In this paper a synthesis of 3,178-dihydroxy-1,3,5(10)-estratrien- 
16-one-16-C'™ (16-ketoestradiol-178) (IIa) is described. The results of 
metabolic studies in man with IIa and estradiol-178-16-C™ as precursors 
are presented in the following report (1). The fact that 3-methoxy-17{- 
hydroxy-1,3,5(10)-estratrien-16-one-16-C' (IIb) had been prepared in this 
laboratory (2) under reaction conditions in which benzyl] ethers are cleaved 
(3) was exploited in the present synthesis. Labeled dimethyl marrianolate 
3-benzyl ether (I) was synthesized by the method used to prepare the corre- 
sponding methyl ether (2). The desired 16-ketoestradiol-178-16-C'* was 
obtained by simultaneous cyclization (acyloin condensation) and deben- 
zylation when I was added to a solution of sodium in liquid ammonia. 


OH 


CH,COOCH, 
JN Q 
RO 


(1), C = cu (IIa), R = H; (IIb), R = CH, 


C.H;CH.O 


EXPERIMENTAL! 


Dimethyl Marrianolate 3-Benzyl Ether (I)—Estrone* was benzylated (4) 
and oxidized to the benzyl ether of marrianolic acid with alcoholic potas- 
sium hypoiodite (5). Esterification of the isolated dibasic acid with diazo- 
methane produced I, m.p. 80-82°. 

Labeled Dimethyl Marrianolate 3-Benzyl Ether (I)—This was prepared 


* This investigation was supported in part by a research grant from the National 
Cancer Institute (No. C-2071(C2)), United States Public Health Service, and from 


the American Cancer Society (Institutional grant No. 61D). 
‘Melting points were taken with uncalibrated Anschiitz thermometers in the 


Hershberg apparatus. 
?Estrone was generously donated by the Schering Corporation. 
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from non-labeled I by the method described for the corresponding methy| 
ether (2). Successively, the steps involved treatment with tripheny). 
methylsodium, carbonation with CO, saponification, thermal decarboy. 
ylation of the resulting substituted malonic acid, esterification, purification, 
by chromatography, and crystallization from methanol. The yield of | 
m.p. 79-81", was 60 per cent. 

16-Ketoestradiol-17B-16-C™ (Ila)—400 mg. of T were converted to 
via the acyloin condensation by the same procedure as described for the 
corresponding methyl ether (6). An ethereal solution of the crude Ia was 
washed with 5 per cent sodium bicarbonate and then extracted four times 
with 5 per cent sodium hydroxide. The combined sodium hydroxide ey. 
tracts were acidified and extracted with ether. The solid obtained upon 
evaporation of the ether was chromatographed on silica gel (7) by a parti- 
tion-like method. 

In a typical chromatogram, a solution of 80 mg. of Ila in dichlorometh- 
ane containing 2 per cent absolute ethanol was placed on 18 gm. of silica gel 
(12 mm. column) previously treated with the same solvent. By eluting 
with 2 per cent solutions, 10 ml. fractions were collected. The first four 
fractions yielded material which gave a negative triphenyltetrazolium test. 
The next four fractions gave positive tests and contained 80 per cent of the 


material placed on the column. A total yield of 74 mg. of Ila (33 per cent | 
from I) was obtained after four crystallizations from acetic acid-water, | 
The specific activity was 2.5 uc. per mg.; m.p., 240-244°, with decompos- | 
tion (234—237° reported (4)). The infra-red spectra of IIa and a sample | 


of Ila prepared by an alternative method were identical. Admixture of 
the two samples produced no depression in the melting point. 


SUMMARY 


16-Ketoestradiol-178-16-C'* (2.5 uc. per mg.) was synthesized by treating | 
labeled dimethyl marrianolate 3-benzyl ether with sodium in liquid ammo. | 


nla. 
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THE CONVERSION OF ESTRADIOL-178-16-C% TO RADIOACTIVE 
16-KETOESTRADIOL-176 IN MAN* 


ty MORTIMER LEVITZ, JEAN SPITZER, anp GRAY TWOMBLY 


(From the Department of Obatetrica and Gynecology, New York University 
College of Medicine, New York, New York) 


(Received for publication, February 13, 1956) 


The hypotheses of Marrian (1) and Huffman and Grollman (2) ascribe 
an important réle to 3,176-dihydroxy-1,3,5(10)-estratrien-16-one (16- 
ketoestradiol-178 (1)) as an intermediate in the metabolism in vivo of es- 
tradiol-178. Huffman suggested that I was a precursor of estriol, and 
Marrian suggested that I was produced from estriol and then further oxi- 
dized. Experimental evidence to support either view is lacking. In fact, 
it had not been demonstrated unequivocally that I is involved in either nor- 
mal or abnormal estrogen metabolism, although, when I was administered 
to man in large amounts (3), estriol (5 per cent) was isolated. Only a trace, 
if any, of unchanged I was detected in the urine. 

The tracer technique was applied to the problem since it permits the 


quantitative determination of minor metabolites which otherwise could 
"| escape detection. This paper presents the results of metabolism studies on 
- human subjects injected with 16-ketoestradiol-178-16-C™ and estradiol- 


178-16-C'". Provided §-glucuronidase was used as the hydrolytic agent, 


- it was possible to recover from the urine a significant part of the admin- 
 jstered 16-ketoestradiol-178-16-C'*. This observation prompted the inves- 


tigation which revealed that I is indeed a metabolite of estradiol-178. 


The conversion was about 1.6 per cent. 


EXPERIMENTAL 


Recovery of Administered 16-Ketoestradiol-17B; Injections and Collections— 
Two subjects received a single intramuscular injection of a sterile solution 
of 2.5 mg. (2.5 we. per mg.) of 16-ketoestradiol-178-16-C™ (4) in 1 ml. of 
propylene glycol. Urine was collected for 3 days in bottles containing 5 
ml. of toluene. Each 24 hour sample was assayed for radioactivity, but 
only the first was examined for metabolites. 

Extraction and Hydrolysis—The details of the hydrolytic and ether ex- 
traction procedures are similar to those described by Beer and Gallagher 
(5). The free, enzyme-hydrolyzed, and acid-hydrolyzed fractions were 


* This investigation was supported in part by a research grant from the National 
Cancer Institute (No. C-2071(C2)), United States Public Health Service, and from 
the American Cancer Society (Institutional Grant No. 61D). 
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treated separately. ‘The urine was extracted with five 150 ml. portions , 
ether. The aqueous fraction was freed of ether by bubbling nitroge, 
through for 4 hour while maintaining the temperature at 55-60°, Hy. 
drolyses were carried out at pH 5 with 6-glucuronidase and, for comparigo, 
with 15 per cent hydrochloric acid. This was followed by continuoy 
ether extraction. 

Fractionation—TVhe ether extracts were washed three times with § pe 
cent sodium bicarbonate and extracted with three 50 ml. portions of 0,5, 
sodium hydroxide, ‘The combined sodium hydroxide extracts were ney 
tralized and extracted three times with ether, The ether extracts wer 
washed with saturated sodium chloride and evaporated to dryness unde 
a stream of nitrogen. The residue was dissolved in benzene and chro. 
matographed on 9 gm. of silica gel in a 14 mm. column. The column wa 
eluted successively with 200 ml. portions of 2, 4, and 8 per cent methanol iy 
benzene. 20 ml. fractions were collected. About 40 mg. of 16-ketoes. 
tradiol-178 carrier were added to the fifth 2 per cent fraction and 30 mg. 
of estriol! were added to the combined sixth to tenth 4 per cent fractions 
The solutions were evaporated to dryness. 


Purification and Isotopic Analysis—The 16-ketoestradiol-176 and estriol | 
residues from the above fractions were crystallized from acetonitrile to con- } 
stant specific activity. About 3 mg. of each purified product were sub. | 
mitted to a twenty-four transfer countercurrent distribution by using the | 
system cyclohexane-ethyl acetate, 1:1, and ethanol-water, 1:1 (6). An] 
other 10 mg. of the 16-ketoestradiol-178 were benzylated (7) and the de. | 


rivative was crystallized to constant specific activity. 
After isolation and purification of the compounds, accurately weighed 
samples of about 0.2 mg. dissolved in 0.5 ml. of ethanol were placed on alu- 


minum planchets and dried. The radioactivity was determined in a win | 
dowless gas flow counter to +5 per cent and the counts per minute wer | 

f 
were calculated as described later in this report. Urine samples and the | 
various extracts were analyzed for radioactivity by counting dried aliquots | 


corrected to infinite thinness. The amounts of radioactive metabolites 


and correcting to infinite thinness by the method of Heard et al. (8). 


Conversion in Vivo of Estradiol-17B8 to 16-Ketoestradiol-178—In the con- | 
version experiments several modifications to the above procedures were | 
introduced in anticipation of a much lower concentration of 16-ketoes- f 
tradiol-178-16-C™ and the presence of many more radioactive metabolites. | 
Only significant differences in the procedure will be described here. The | 
results of two of the five metabolic studies carried out are included in this | 
report. The patients (designated Subjects J and K) were postmenopausal | 


and had ovarian tumors. 


1 Estriol was generously donated by Parke, Davis and Company. 
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Injections—The subjects received a single intramuscular injection of 2.1 
mg. (6.1 we. per mg.) of estradiol-17B-16-C' (9) and 4.1 mg. of non-labeled 
16-ketoestradiol-178? dissolved in 2 ml. of propylene glycol. | 

Hydrolyses and Extractions —The first two 24 hour urine samples from 
each patient were treated separately with B-glucuronidase. After hydroly- 
sis, continuous extractions were carried out with 7.7 mg. of 16-ketoestradiol- 
(78 carrier present in each of the two ether flasks. 


25° 


20° 


0 5 10 15 20 25 30 35 40 45 50 
; TUBE NUMBER 
Fig. 1. Countercurrent distribution (Subject K) of the eluate residues from col- 


COUNTS PER MINUTE XI0~ (0.025 ALIQUOT) 
a 


- umn chromatography which gave positive triphenyltetrazolium tests. The system 
was cyclohexane-ethyl acetate, 1:1, and ethanol-water, 1:1. O, tubes which gave 
positive triphenyltetrazolium tests on 0.025 aliquots. 


Fractionation—The ether extracts from the free and enzyme-hydrolyzed 


_ fractions were combined and dried. The residue was chromatographed on 
silica gel without prior fractionation. The 2 per cent eluates containing the 


carrier as evidenced by a positive triphenyltetrazolium test were combined 
and evaporated to dryness. The residue was submitted to a forty-nine 


transfer countercurrent distribution. In the study on Subject J, small 


aliquots from tubes 21 to 24 gave a positive test for the a-ketol grouping. 
An additional 60 mg. of carrier were dissolved in the combined contents of 
tubes 17 to 28. The solution was evaporated to dryness. 

In the study on Subject K, a similar countercurrent distribution curve 
was obtained (Fig.1). The contents of tubes 22 to 25 gave a positive a- 


?It was felt that the introduction of a non-labeled pool would facilitate the re- 
covery of radioactive 16-ketoestradiol-178 from the urine. 
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ketol test. Tubes 16 to 27 were combined and evaporated to dryneg | 
Part (36 per cent) of the residue was chromatographed on Whatman No | 
paper by using a modified technique of Burton, Zaffaroni, and Keutmap, 
(10). The stationary phase was applied by dipping the paper into a |; 
formamide-methanol solution and blotting the excess solvent. The moy; 

phase, chloroform saturated with formamide (11), was run for 5 houy 
The band containing the 16-ketoestradiol-178 (triphenyltetrazolium test 


35,000. 


30,000 


25,000. 


20000- 


15,000. 


COUNTS PER MINUTE 


10,000. 


6,000. 


0 3 6 9 (2 15 18 21 24 27 30 33 \ 
CENTIMETERS f 

Fic. 2. Distribution on paper (chloroform-formamide system, 5 hours) of a 0.3} 
aliquot of the radioactivity from tubes 16 through 27 of Fig. 1 (Subject K). Th f 
shaded area represents the strip which gave a positive triphenyltetrazolium test. > 
The striped area represents radioactivity in the runoff. 


Fig. 2) was cut into small strips and placed into a solution of 56.2 mg. d © 
additional carrier in 50 ml. of methanol. The solvent was refluxed for 10 F 
minutes and decanted. The paper was washed with two small portions 0 
hot methanol. The combined methanol extracts were evaporated to dry- |. 


ness. 

Final Purification and Isotopic Analysis—The 16-ketoestradiol-l7/ 
samples so obtained were crystallized to constant specific activity. The 
purified product was divided into three parts. Three derivatives were pre- 
pared: the benzoate, the 3-benzyl ether, and the oxime (7). These wer 
also crystallized to constant specific activity. The radioactivities were 


tl 
fi 
id 
| 
= 
| 
XUM 


M. LEVITZ, J. R. SPITZER, AND G. H. TWOMBLY 985, 


compared to that of the parent compound. Corrections were made for 


' the increased molecular weights and the dilutions required to allow suf- 


ficient material for preparing derivatives. 


Results 


Daily Urinary Excretion of Radioactivity—The distribution of the radio- 
activity excreted in the urine of subjects who received 16-ketoestradiol-17{- 


TABLE | 
Excretion of Radioactivity in Urine after Intramuscular Injection 
of 16-Ketoestradiol-17B8-16-C'* in Women 


Daily excretion, per cent of injected activity 
Int day 2nd day Srd day 
A 2.46 O4 19 2 
B 1.80 3h 12 | 
TasLe Il 


Phenolic, Ether-Extractable Radioactivity in Free, Acid-Hydrolyzed, and Enzyme-Hy- 
drolyzed Fractions of Urine from Patient (Subject A) Who Received 16-Ketoestradiol- 
178-16-C™; 16-Ketoestradiol-178, Its 3-Benzyl Derivative, and Estriol 
Radioactivity As Measured by Isotopic Dilution 


Phenoli 16-Ket 

f section Estriol estradiol-1 7p pt 
Acid-hydrolyzed............... 25.8 12.0 14.3 2.3 
Enzyme-hydrolyzed........... 24.7 6.5 14.1 12.1 


The results are in per cent of radioactivity in the first 24 hour urine sample. 
* The values are corrected to per cent of 16-ketoestradiol-17@. 


16-C4 is shown in Table I. When radioactive estradiol-178 and non-la- 
beled 16-ketoestradiol-178 were administered, patterns similar to those 
reported bv Beer and Gallagher (5), who gave estradiol-178-16-C™ alone, 
were obcained. 

Comparison of Hydrochloric Acid and B-Glucuronidase Hydrolyses of 
Urine from Patients Receiving 16-Ketoestradiol-178-16-C'\—The amount of 
radioactivity contained in the phenolic fraction of the urine of Subject A 
was unaffected by the hydrolytic procedure used (Table II). However, 
differences were obtained in the amounts of radioactive estriol and 16-keto- 
estradiol-178. Acid hydrolysis released twice as much estriol as enzyme 
hydrolysis. Each estriol sample exhibited one radioactivity peak identical 
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with the carrier peak in the twenty-four transfer countercurrent distriby. 


tion. Initially, isotopic dilution analysis of the 16-ketoestradiol-17g p. } 
vealed no apparent dependence upon hydrolytic procedure. However § 
when the 16-ketoestradiol-178 samples were converted to the 3-benzyl d. } 
rivatives, 84 per cent of the radioactivity was removed as impurities upo, f 
crystallization of the acid-hydrolyzed aliquot, as against 14 per cent for the 


enzyme-hydrolyzed aliquot. Fig. 3 shows the countercurrent distributio, 
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Kic. 3. Countercurrent distribution of recovered radioactive 16-ketoestradiol-173 
(1) (Subject A). The system was cyclohexane-ethyl acetate, 1:1, and ethanol. | 
water, 1:1. XX, carrier curve (optical density); O, enzyme-hydrolyzed I (counts | 
per minute); @, acid-hydrolyzed I (counts per minute). Only one carrier curve is | 


presented since the two obtained were virtually superimposable. 


curves’ of the 16-ketoestradiol-178 obtained by the two hydrolytic pro : 


cedures. 


Effect of Girard Reaction on 16-Ketoestradiol-17B-16-C'*—The possibility — 
of using the Girard reaction in the purification scheme was explored. The © 
following experiment was carried out. About 50 y of 16-ketoestradio- — 
178-16-C™ were treated with Girard’s Reagent T (12). The ketonic and § 


non-ketonic fractions, separated in the usual manner, were resubmitted to 
the Girard reaction. The results are summarized in Fig. 4. 
Conversion of Estradiol-17B-16-C"* to Radioactive 16-Ketoestradiol-176; 


3 Inexplicably the distribution constant for 16-ketogstradiol-178 in Fig. 3 was 20 
and in Fig. 1 it was 1.0. Except for the experiments shown in Fig. 3, the latter value 
was obtained repeatedly although the former is reported (6). 
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Isotopic Analysis—The results of the isotopic dilution experiments are 
shown in Table III. The specific activities of the crystallized 16-keto- 
estradiol-178 and its purified derivatives are presented. From these values 
I6- KETOESTRADIOL-I7B-I6-C 
365 
T 
GIRARD 
KE TONIC NON- KE TONIC 
264 86 
T T 
GIRARD GIRARD 
= . l 
KE TONIC NON-KE TONIC KE TONIC NON-KETONIC 
60 222 15 65 
Fia. 4. Behavior of 16-ketoestradiol-178-16-C" in the Girard reaction. The values 
are in counts per minute 107-8. 
III 
Specific Activity of 16-Ketoestradiol-17B Recovered (Isotopic Dilution) 
from Urine of Subjects Receiving Estradiol-178-16-C"* and 
Comparison with Derivatives 
Compound M.p.* Subject J Subject K 
"C. c.p.m. per mg, | c.p.m. per 
241-244 2000 554 
Derivatives 
| 228-231 846 532 


The values for the derivatives are corrected to counts per minute per mg. of 16- 
ketoestradiol-178. 

* The melting points were taken with uncalibrated Anschiitz thermometers in the 
Hershberg apparatus. All melting points are with decomposition. 


it was calculated that for Subject J approximately 1.2 per cent of the radio- 
activity excreted in the first 24 hour urine sample was present in 16-keto- 
estradiol-178. For Subject K the value was 1.6 per cent. The latter was 
calculated from the following data: The urine sample contained 1.15 
X 10’ c.p.m. Of the 15.4 mg. of carrier originally used, a calculated 2.8 
mg. were recovered after paper chromatography, since 2.1 mg. were con- 
sumed by various tests, 5.4 mg. were rejected after countercurrent distri- 
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bution,‘ and 5.1 mg. were not submitted to paper chromatography. Ty 
the 2.8 mg., 56.2 mg. of additional carrier were added. Thus ((554 ¢.p.m 
per mg./1.15 X 10’ c.p.m.) X 59.0 mg. X (15.4/2.8) K 100) = 1.6. The 
calculation of radioactive 16-ketoestradiol-178 excreted from Subject J 
was based on the counts per minute per mg. of the oxime. 


DISCUSSION 


It was demonstrated that in metabolism studies involving 16-keto 
estradiol-178 (I) the Girard reaction and acid hydrolysis should be avoided 
The yields in the Girard reaction were invariably poor. The behavior of 
the ketonic fraction upon being retreated with Girard’s reagent (Fig. 4) in. 
dicated either that the reaction was erratic or that a change in the structure 
of I had occurred. This method of separating ketones was not included ip 
the purification scheme. 

Hydrochloric acid altered the structure of I. Apparently the trans. 
formation product differed only slightly from I. It could not be separated 
by crystallization from acetonitrile and in a twenty-four transfer counter. 
current distribution it displayed a peak only two tubes removed from that 


exhibited by I (Fig. 3). These observations on the behavior of I towards | 
acid and Girard’s reagent generally paralleled those reported by Watson | 


and Marrian (13). 


The data were insufficient to evaluate the reliability of 13.6 per cent | 


(Table II, benzyl derivative, enzyme-hydrolyzed + free) as the value for 


the recovery of administered 16-ketoestradiol-176-16-C"™. The counter. | 
current distribution curves (Fig. 3, enzyme-hydrolyzed) revealed the pres- | 


ence of impurity in the radioactive I. Because of insufficient material, 
the radioactive purity of the benzyl derivative, of which the molar specific 
activity was 14 per cent lower than that of the parent compound, could 
not be confirmed. However, these results suggested that I was not strictly 
a transitory intermediate and that it should be detectable in the urine if it 
were a metabolite of estradiol-17£. 

The identification of estriol as a metabolite of I confirmed a previous re- 
port (3). The release of nearly twice as much estriol by acid as by enzyme 


hydrolysis suggested the presence of estriol conjugates other than f-glu- © 
curonosides, but sufficient criteria of radiochemical purity may not have © 


been employed. This question is under further investigation in connection 
with another study. 

In the conversion study, the routine procedure of separating estrogens 
by extraction with alkali was avoided in order to minimize the possibility 
of isomerizing other metabolites to I. Leeds, Fukushima, and Gallagher 


‘This was to exclude highly radioactive impurities, mainly estradiol-176-16-C" 


(Fig. 1). 
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(14) observed that, during the alkaline hydrolysis of 38,16a-diacetoxy- 
androstan-17-one at room temperature, a rearrangement to 38,176-dihy- 
droxyandrostan-16-one occurred. 

Some difficulty was experienced in purifying I obtained in the conver- 
sion experiments. Although the I from Subject J (Table III) had been 
crystallized to constant specific activity, the derivatives indicated the pres- 
ence of about 50 per cent of radioactive impurities. If these impurities 
were also present in Subject K, they were effectively removed by paper 
chromatography (Fig. 2). In fact, isotopic dilution analysis indicated that 
99 per cent of the radioactivity contained in the band exhibiting the posi- 
tive triphenyltetrazolium test was present in I. 

Paper chromatographic analysis of a sample of the estradiol-178-16-C™ 
used in these studies indicated it to be 98.5 per cent pure. From the wealth 
of information that has been accumulated regarding the complexity of 
steroid metabolic pathways (15) it appears unlikely that the 1.5 per cent 
impurity could be converted in vivo quantitatively tol. It is felt that the 
evidence presented removes any reasonable doubt that I is a metabolite 
of estradiol-178 in man. Watson and Marrian (13) recently isolated traces 
of a phenolic substance from the urine of women in late pregnancy with 


the same mobility on Celite and paper as I. They regarded the substance 


to be 16-ketoestradiol-17£. 

The metabolic pathway by which | is formed remains to be elucidated. 
Although it appears reasonable to hypothesize that estriol and I inter- 
convert in vivo, a positive statement must be reserved until experiments 
are conducted in which labeled estriol is the precursor. 


SUMMARY 


A significant part of the 16-ketoestradiol-178-16-C™ administered to a 
human subject was recovered in the urine provided #-glucuronidase was 
the hydrolytic agent used. 

When estradiol-178-16-C™ was administered, radioactive 16-ketoestra- 
diol-178 was detected in the urine. 


The authors are indebted to Mr. Richard Fairbanks for his valuable sug- 
gestions on paper chromatography techniques. 
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ACYL ADENYLATES: AN ENZYMATIC MECHANISM 
OF ACETATE ACTIVATION* 


Bry PAUL BERGTt 
WiTH THE TECHNICAL ASSISTANCE OF GEORGIA NEWTON 
(From the Department of Microbiology, Washington University School of 
Medicine, St. Louis, Missourz) 
(Received for publication, March 9, 1956) 


Several different pathways are now known for the activation of acetate. 
One of these, found thus far only in certain microorganisms (1, 2), is initi- 
ated by the phosphorylation of acetate with ATP! by acetokinase (3, 4), - 
followed by the transfer of the acetyl group to CoA by the action of phos- 
photransacetylase (5-7). 


(1) ATP + acetate = acetyl phosphate + ADP 


(2) Acetyl phosphate + CoA = acetyl CoA + phosphate 


In animal tissues (8-11), yeast (12, 13), plants (14), and Rhodospirillum 


| rubrum (15), another pathway of acetate activation has been demon- 
strated. This involves a reaction of ATP, acetate, and CoA, resulting in 


a split of ATP with the formation of acetyl CoA, A5P, and PP, and has 
been termed the aceto-CoA-kinase reaction (12, 16). 


(3) ATP + acetate + CoA = acetyl CoA + A5P + PP 


Analogous reactions with higher fatty acids have also been reported and 
characterized (17-19). 


In a recent study of the mechanism of Reaction 3, Jones, Lipmann, Hilz, 
and Lynen (20) reported that a partially purified enzyme preparation from 


yeast catalyzed an exchange of PP and ATP in the absence of acetate and 
_ CoA. They also found that acetate-C™ exchanged with the acetyl group of 


acetyl CoA in the absence of A5P and PP. ‘To account for these observa- 
tions, the following mechanism was proposed (20). 


* This work was supported by grants from the United States Public Health Service 
and the National Science Foundation. 

t Scholar in Cancer Research of the American Cancer Society. 

'The following abbreviations have been used: adenosine triphosphate, ATP; 


_ adenosine-5’-phosphate, A5P; uridine triphosphate, UTP; inosine triphosphate, 


ITP; guanosine triphosphate, GTP; cytidine triphosphate, CTP; coenzyme A, CoA; 


_ inorganic pyrophosphate, PP; di- and triphosphopyridine nucleotide, DPN and TPN; 


trichloroacetic acid, TCA; tris(hydroxymethy])aminomethane, Tris; flavin adenine 
dinucleotide, FAD; uridine diphosphoglucose, UDPG; nicotinamide mononucleo- 
tide, NMN;; flavin mononucleotide, FMN; uridine-5’-phosphate, U5P. 
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(4) ATP + enzyme = enzyme — A5P + PP 
(5) Enzyme — A5P + CoA = enzyme — CoA + A5P 
(6) Enzyme — CoA + acetate = acetyl CoA + enzyme 


Since the existence of the postulated enzyme-bound substrates wa 
inferred solely from isotope exchange experiments, we investigated this by. 
pothesis once more to obtain further information on the nature of the inter. 
mediates and the mechanism of their formation. With a more highly pur. 
fied enzyme than that previously employed, it has been found that the 
exchange of PP and ATP does not occur unless acetate is added, 
This, together with the absence of any exchange of A5P and ATP in the 
presence of CoA alone, as predicted by Reactions 4 and 5, indicates that the 
proposed mechanism is untenable. In the present paper we wish to present 
evidence in support of another mechanism of acetyl CoA synthesis. This 
involves a primary reaction of ATP and acetate to form a hitherto unde. 


scribed compound, adenyl acetate (shown in the accompanying diagram), 
and its subsequent reaction with CoA to form acetyl CoA (Reactions 7 


and 8). 


OH OH 


N\ O- 


Adenyl] acetate has been synthesized and demonstrated to react enzymit 
ically in the manner shown below. 


(7) ATP + acetate = adenyl acetate + PP 
(8) Adenyl] acetate + CoA = acetyl CoA + A5P 


A preliminary communication of this work has been reported elsewhere (21). 
The synthesis, purification, and characterization of adenyl acetate are de 
scribed in the following paper (22). The apparently analogous formation 
of an amino acid acyl adenylate in the reaction of L-methionine with ATP 
by an enzyme from yeast has been briefly mentioned earlier (21) and will be 
reported in detail in an accompanying paper (23). 


Materials and Methods 


P#P*? was prepared by heating NazHP*O, at 225° for 18 hours (24), and 
purified by anion exchange chromatography. ATP, labeled with P® in the 
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terminal pyrophosphate group, was prepared either by exchange of P®P® 
with unlabeled ATP by using purified aceto-CoA-kinase (Reaction 7) or 


from A5P and P® by rat liver mitochondria in the presence of a-ketoglu- 


tarate. Adenine-C'*-labeled ATP was prepared by first coupling ad- 
enine-C'! with 5-phosphoribosyl pyrophosphate (25) and converting the 
45P-C4 to ATP-C" with adenylic kinase (26), phosphopyruvate, and pyru- 
vate phosphokinase (27). The ATP was purified both by adsorption and 
elution from Norit and by anion exchange chromatography (28). Acetyl 
(oA was prepared from acetyl phosphate and CoA by purified phospho- 
transacetylase (5), and partially purified by anion exchange chromatog- 
raphy by using a 2 per cent cross-linked Dowex 1 Cl column and eluting 
with 0.1 N HCl-0.1 m KCl. According to the optical density at 260 mu 
and acetyl CoA assay (11, 29), it was 50 per cent pure. Sodium 
acetate-1-C'4 was obtained from Tracerlab, Inc., and sodium fluoroacetate 
was kindly supplied by Dr. R. O. Brady. CoA (75 per cent pure) and CTP 
were obtained from the Pabst Brewing Company, and DPN, TPN, ITP, 
UTP, and GTP from the Sigma Chemical Company. Reduced CoA was 
prepared with potassium borohydride by the method of Jones et al. (13). 
Hexokinase was prepared by a modification of the method of Brown? and 


~ contained 5 units per mg. (1 unit forms 1 umole of glucose-6-phosphate per 


minyte at pH 8.0 and 25°). Glucose-6-phosphate dehydrogenase was ob- 
tained from the Sigma Chemical Company and contained 0.8 unit (30) per 
mg. Crystalline condensing enzyme (31), recovered from the mother liquor 
of the first crystallization, was generously given by Dr. 8. Ochoa. This 
preparation, when used in the coupled assay for acetyl CoA (11, 29), con- 
tained malic dehydrogenase in adequate excess. The amine-acetylating 
enzyme of pigeon liver (acetone fraction) was prepared according to Tabor 
et al, (32). Crystalline inorganic pyrophosphatase (33) was generously 


supplied by Dr. G. Perlmann and Dr. M. Kunitz. Phosphotransacetylase 


was prepared by the method of Stadtman (5), and A5P deaminase by Pro- 
cedure A of Kalckar (34), adenylic kinase according to Colowick and Kal- 
ckar (26), and pyruvate phosphokinase by the method of Beisenherz 
(35), 

A solution of 2 mM hydroxylamine was prepared daily by neutralizing a 
1M solution of hydroxylamine hydrochloride with KOH. More concen- 
trated solutions of hydroxylamine were made by adding solid barium hy- 
droxide to a solution of hydroxylamine sulfate until the pH was about 7.2. 
The barium sulfate was removed by centrifugation and the supernatant 
fluid was concentrated under reduced pressure, ‘The volume was adjusted 
so that the concentration of hydroxylamine was 5 M, based on the initial 


* We are grateful to Dr. D. H. Brown for giving us this method before its publica- 
tion. 
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amount of hydroxylamine sulfate. The solution was kept at 4° for periods 
of no longer than 2 weeks. 

Acetyl CoA was measured by DPN reduction by the citrate-condensing 
enzyme system containing malic dehydrogenase (11, 29), and ATP was 
determined with hexokinase, glucose, glucose-6-phosphate dehydrogenase, 
and TPN (36). Adenyl acetate was determined either by conversion to 
acetyl CoA, measured as mentioned above, or by conversion of P#P® to 
ATP (see Table VI). Adenyl acetate concentration was also determined 
as acethydroxamic acid after treatment with hydroxylamine. The sample 
was incubated for 5 minutes at 37° in 1 ml. of 0.2 m hydroxylamine, and 
0.5 ml. of acidified ferric chloride (13) was added and the optical density at 
540 mu measured. Under these conditions 1 ymole of acethydroxamic acid 
has an optical density of 0.630. This was in good agreement with the 
values determined enzymatically (22). Protein was measured by the 
phenol method of Lowry e¢ al. (37). 


Assay of Aceto-CoA-kinase 


Formation of Acetyl CoA—The assay procedure was essentially that de- | 


scribed by Jones et al. (13). The reaction mixture contained, in 1.0 ml., 


0.1 m potassium phosphate, pH 7.5, 0.005 m MgCle, 0.01 m ATP, 0.05 u | 
potassium fluoride, 0.01 m glutathione, 0.15 mg. of CoA (equivalent to 0.1 f 
umole), 0.01 m potassium acetate, 0.2 m neutralized hydroxylamine, and the | 
enzyme. The mixture was incubated for 20 minutes at 37°, then 2 ml. of 
an acidified ferric chloride solution (13) were added. After centrifugation | 
to remove precipitated protein, the optical density at 540 my was deter- | 
mined with a Beckman model DU spectrophotometer. In all cases, a con- 
trol tube in which CoA was omitted was incubated with each amount of F 


enzyme. The formation of 1 wmole of acethydroxamic acid resulted in an 


increase in optical density of 0.325, and the unit of activity was defined as 


the amount of enzyme catalyzing the formation of 1 umole of acethydrox- 
amic acid in 20 minutes under these conditions. As previously shown, the 


formation of acethydroxamic acid was proportional to enzyme concentra- 7 


tion in the range of 0 to 0.5 unit (13). 

Exchange of P® P® with ATP—The standard assay mixture contained, in 
1.0 ml., 0.1 mM potassium phosphate, pH 7.5, 0.005 m MgCle, 0.002 m ATP, 
0.001 m acetate, 0.05 m fluoride, 0.002 m P?P® containing between 10* and 
10° c.p.m. per umole, and the enzyme. When the purified enzyme was 
used, the fluoride was omitted, since there was no demonstrable inorganic 
pyrophosphatase activity. The mixture was incubated for 20 minutes at 
37° and the reaction stopped by the addition of 0.5 ml. of 7 per cent per: 
chloric acid, followed by 0.2 ml. of a suspension of acid-washed N orit (15 pet 
cent, dry weight). After 3 minutes, the Norit was centrifuged, washed 
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three times with 3 ml. portions of water, and then suspended in 3 ml. of 50 
per cent ethanol containing 0.3 M ammonium hydroxide. An aliquot of the 
suspension was plated and the P® content determined with a Geiger-Miiller 
counter. The activity is expressed as the micromoles of PP incorpo- 
rated into ATP and is calculated by dividing the total P® activity in ATP 
by the specific activity of the initial P*P*. 1 unit of enzyme activity is 
defined as the incorporation of 1 umole of P#P% into ATP in 20 minutes 
under these conditions. Comparison of the values obtained by this pro- 
cedure with those found by chromatographic separation (28) of ATP showed 
that they were in good agreement. Thus in one experiment the total counts 
per minute in ATP determined by the Norit procedure were 6000 (com- 
plete), 520 (no acetate), and 500 (no ATP), as compared with the respective 
values of 6700, 360, and 600, obtained by chromatographic analysis. 

The assay was proportional to enzyme concentration in the range of 0 to 
0.4 unit. Thus with 0, 0.59, 1.5, 3.0, and 7.3 y of enzyme protein, 0, 76, 
80, 80, 69 units per mg. of enzyme were calculated to be present. 


Results 


Purification of Aceto-CoA-kinase—All the operations were carried out at 
4°. Pressed bakers’ yeast (200 gm.), obtained from Fleischmann’s yeast, 
Standard Brands Incorporated, was mixed to a paste with 200 ml. of cold 
0.1 m dipotassium phosphate and treated in a 10 ke. sonic oscillator (Ray- 
theon) for 40 minutes. The mixture was centrifuged in a Servall centrifuge 
at 10,000 X g for 30 minutes, and the turbid supernatant fluid was filtered 
through glass wool to remove particles of fat. This crude extract (Table I) 
was stable for at least 2 days when kept at —15°. 

To 180 ml. of the crude extract were added, with stirring, 27 ml. of a 2 per 
cent solution of protamine sulfate, generously supplied by Eli Lilly and 
Company. After 5 minutes, the solution was centrifuged for 5 minutes at 
10,000 X g and the precipitate discarded. To the clear supernatant fluid 
were added 55 ml. of the protamine solution, and after 5 minutes the mix- 
ture was centrifuged as above. The supernatant fluid was discarded and 
the gummy precipitate washed twice with a total volume of 100 ml. of cold 
water by homogenizing with a motor-driven pestle and then centrifuging. 
The washing was repeated as described above, 100 ml. of 0.01 mM potassium 
phosphate, pH! 7.0, being used. The washings were discarded and the 
precipitate was dissolved in 125 ml. of 0.25 m potassium phosphate, pH 7.5 
(protamine eluate), 

To the protamine eluate (125 ml.) were added 97 ml, of a solution of am- 
monium sulfate, saturated at 4°. After 10 minutes, the mixture was cen- 
trifuged for 5 minutes at 10,000 * g and the precipitate was dissolved in 
65 ml. of cold water (Fraction AS-1). To this solution was added alumina 
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Cy gel (38) (1.1 mg., dry weight, of gel per mg. of protein) and after 5 mip. 
utes the gel was centrifuged and washed with a total of 100 ml. of water 
then twice with a total of 100 ml. of 0.05 m potassium phosphate, pH 69. 
The enzyme was then eluted with two 40 ml. portions of 0.1 M potassium 
phosphate, pH 7.5 (Cy gel eluate). 

To the Cy gel eluate (80 ml.) were added 21 gm. of ammonium sulfate 
and, after 5 minutes, the precipitate was separated by centrifugation and 
dissolved in 14 ml. of 0.5 M potassium phosphate, pH 7.6 (Fraction AS-2) 

In several trials the purification achieved in the AS-2 fraction in relation 
to the crude extract ranged from 35- to 60-fold, and the yield was between 
25 and 35 per cent. Fraction AS-2 has been repeatedly frozen and thawed 


TABLE I 
Purification of Aceto-CoA -kinase 
Fraction Total units 
mg. per ml. 
Crude extract....... 49 8820 21.4 2.3 
Protamine eluate.... 47 5875 2.0 24 
59 3835 1.9 31 
Cy gel eluate........ 35 2800 0.42 83 


' * Assay, formation of acetyl CoA, measured by formation of acethydroxamic acid 
as described in ‘‘Methods.”’ 


several times a week for periods of up to 4 months without appreciable loss 
of activity. 

P®P3? Hxchange with ATP—It had been reported previously (20) that 
aceto-CoA-kinase catalyzed an exchange of P*?P?? and ATP in the absence 
of acetate and CoA. Since such a reaction could have occurred by other 
previously reported reactions (36, 39, 40) involving endogenous substrates, 
and therefore could be unrelated to the formation of acetyl CoA, the ex- 
change reaction was again examined. It was found that, in addition to 
ATP, P”P®2, and Mgt, acetate was required for the exchange reaction with 
the most purified fraction of aceto-CoA-kinase (Table II). There was no 


appreciable exchange when either ATP, Mgt", acetate, or the enzyme was [| 


omitted. The requirement for acetate became increasingly apparent with 
purification; in one experiment the ratio of activities in the presence and 
absence of acetate was 4 in the crude extract, 60 in Fraction AS-1, and 143 
in Fraction AS-2. 

The rate of exchange as a function of acetate concentration is shown in 
Table III. Since the réle of acetate is catalytic, small amounts of acetate 
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effect an appreciable amount of exchange of P*P® with ATP, the extent of 
which is dependent on the time of incubation. It therefore seems likely 
that the previously reported exchange reaction (20) was due, at least in 
part, to the presence of acetate and perhaps to other compounds unrelated 
to acetyl CoA formation. The inhibition of acetate at a concentration of 
3 x 10-? m and higher has not been observed with acetyl CoA formation as 


TABLE II 
Requirements for P**P3? Exchange with ATP 
Components P#2P3? incorporated into ATP 

umole 


Usual assay procedure for PP-ATP exchange with 0.002 m acetate and 7.5 y of 
enzyme (Fraction AS-2); specific activity 92. 


TaBLeE III 
Effect of Acetate Concentration on P?2P3?-ATP Exchange 
Concentration P#P32 incorporated into ATP 
104 umole 
0.0 0.02 
0.4 0.15 
2.0 0.39 
10.0 0.57 
30.0 0.43 
40.0 0.37 


The conditions are the same as for the experiment described in Table IT. 


a measure of the aceto-CoA-kinase reaction. ‘The specificity of the reaction 
for acetate (see below) and the effectiveness of small amounts in the ex- 
change reaction suggest the use of this reaction for measuring acetate in the 
range of 10-4 to 10-5 a. 

Time-Course and Extent of Exchange—The exchange of P*P2 and ATP 
approaches the calculated value for complete equilibration of the pyrophos- 
phoryl group of ATP and the P*P*? (Fig. 1). ATP prepared in this way 
contains essentially equal amounts of P® in the two terminal phosphate 
groups (41). Since the enzyme preparation did not contain any adenylic 
kinase activity as measured with ATP and A5P in the presence of pyruvate 
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phosphokinase and lactic dehydrogenase (42), the reaction appears to rep. 
resent an exchange of the two pyrophosphate moieties. 

Specificity of Nucleotide and Fatty Acid Components—ATP was the only 
nucleoside triphosphate which was active in the exchange reaction. UTP. 
CTP, ITP, and GTP did not replace ATP. Formate, butyrate, caproate. 
and octanoate at concentrations of 1 to 2 X 10-* m did not replace acetate 
Propionate, the only other fatty acid activated by the aceto-CoA-kinage 
(16), also catalyzed the exchange reaction. At 5 X 10-* M, the rate was 


ooL____ theoretical Maximum 


BOL. 


x. 


3 


U mole ATP. 


5s 8 


& 
Minutes 
Fic. 1. Time-course and extent of PP-ATP exchange. Reaction mixture: 1.0 
ml. containing 0.10 m potassium phosphate buffer, pH 7.5; 0.005 m MgCl.; 0.0016 
ATP; 0.001 m potassium acetate; 0.002 m P**P*? containing 5 X 104 c.p.m.; 4 y of en- 
zyme, specific activity 96. Temperature 37°. 


about 30 per cent that found with 1 X 10-*M acetate. With fluoroacetate : 
at levels of 1 X 10-*m and 5 X 10-* M, there was about 2 and 5 per cent | 


the exchange found with 1 X 10-* mM acetate. Whether this is a property 


of fluoroacetate or due to contamination by acetate is uncertain. There | 
was no significant inhibition of the exchange when equimolar amounts of | 
acétate and fluoroacetate were present. Brady (43) has reported that > 
neither yeast nor liver aceto-CoA-kinase converts fluoroacetate to fluoro | 


acetyl CoA but that kidney preparations do. 


Formation of Acethydroxamic Acid from ATP and Acetate—The observa- | 
tion that acetate was required for the PP-ATP exchange suggested that the | 
initial step in acetyl CoA synthesis was a reversible enzymatic interaction | 


of ATP and acetate with the formation of adenyl acetate and PP (Reac- 
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tion 7). This hypothesis was tested with hydroxylamine to trap the acety] 
group of adenyl acetate as acethydroxamic acid. With large amounts of 
enzyme, ATP, and acetate, and high concentrations of hydroxylamine 
(2.5m), there was a net formation of acethydroxamic acid (Table IV), which 
increased with time and was dependent on the presence of ATP, acetate, 
and the enzyme. When a smaller amount of hydroxylamine was used, 
¢g. 1M, there was only 16 per cent as much acethydroxamate formed. The 
rate of acethydroxamic acid formation was also dependent on the amount 
of enzyme; thus, with 33, 82, 164, and 330 y of enzyme, there was a forma- 


TABLE IV 
Formation of Acethydrozamic Acid from ATP and Acetate in Absence of CoA 
Time 
Components 
30 min 60 min. 120 min 
pmole A umole A pmoles A 

Complete......... 0.52 0.30 0.89 | 0.69 1.60 1.38 
Minus acetate.... 0.22 0.20 — 0.22 

“ enzyme....| 0.04 | | 0.04 | 

| 0.04 0.04 | 0.04 

j 


All the values are expressed in micromoles of acethydroxamic acid and the change 
(4) was calculated from the difference between the values obtained in the presence 
and the absence of acetate. Reaction mixture: 1.0 ml. contained 0.1 M potassium 
phosphate, pH 7.5; 0.005 m MgCl.; 0.01 m ATP; 0.01 M acetate; 2.5 m hydroxylamine; 
and 330 y of enzyme (specific activity 96); temperature 37°. The reaction stopped by 
the addition of 0.2 ml. of acid (2 n TCA, 6.6 N HCl), followed by the addition of 0.5 
ml. of ferric chloride reagent (12). 


tion of 0.04, 0.12, 0.27, and 0.58 umole of acethydroxamic acid in 60 min- 
utes. 

Acethydroxamic acid formation under these conditions was accompanied 
by the liberation of an equivalent amount of A5P and PP (Table V). In 
another experiment, with 412 y of enzyme, A5P formation was measured 
at the end of the incubation with A5P deaminase. In the presence of ace- 
tate, 1.1 umoles of acethydroxamic acid and 1.3 wmoles of A5P were formed, 
and, in the absence of acetate, 0.1 umole of acethydroxamic acid and 0.1 
umole of A5P were found. 

The above results are in agreement with the postulated formation of 
adenyl acetate as an intermediate, an interpretation, however, dependent 
on the assumption that small amounts of CoA were not present. In order 
to determine whether CoA was present, a sensitive assay for CoA was de- 
veloped which involved the use of high concentrations of hydroxylamine 
(2.5 M) in the usual acetyl CoA assay system. By developing the color in a 
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volume of only 1.5 ml., as little as 0.0005 umole of CoA could be detected 
Heat-inactivated samples of the enzyme (330 7) tested in place of Coa ip 
the above assay gave no detectable amounts of acethydroxamic acid jp 
either the presence or the absence of glutathione. Asa control, CoA added 
to the enzyme solution before or after heating was quantitatively recovered 
Moreover, when a sample of heated enzyme (330 7) was added to the reag. 
tion mixture (Table IV), there was no increase in the amount of acethy. 
droxamic acid over that found in the presence of 330 7 of unheated enzyme 
alone, whereas the addition of 0.0005 umole of CoA doubled the formation 
of acethydroxamic acid. These experiments indicate that the acethy. 


TABLE V 


Stoichiometry of Products Formed in ATP-Acetate 
Reaction in Presence of Hydrozylamine 


Components ——. A PP* A ASPt | A 
pmole pmoles pmoles 
Complete......... 0.74 0.71 1.11 0.76 1.12 | 0.7 
Minus acetate.... 0.09 0.06 0.45 0.10 0.46 = 0.07 
enzyme....; 0.03 0.35 0.39 


* Calculated from the original specific activity of ATP. 

t Calculated from the optical density at 260 my, with an extinction coefficient of 
16 X 103 cm.~! Mm“! (44). Reaction mixture: 1.0 ml. contained 0.1 m Tris, pH 744, 
0.005 m MgCl:; 0.0077 m P#?-labeled ATP containing 3.31 X 104 c.p.m. per umole; 
0.01 m acetate; 2.5 m hydroxylamine; 330 y of enzyme (specific activity 125). Incu- 
bated 120 minutes at 37°. Heated aliquots of the incubation mixture were chroma- 
tographed on Dowex 1 Cl- columns to separate A5P and PP (24). The amount of 
acethydroxamic acid formed was determined colorimetrically in a parallel experi- 
ment, as described in Table IV. 


droxamic acid formed in the absence of added CoA is not due to endogen- 


ous traces of CoA. This conclusion is further supported by the observa- | 


tions reported in the section pertaining to A5P exchange with ATP in 
which both acetate and added CoA were required for the exchange. These 
experiments, therefore, are consistent with the formulation of adenyl 
acetate as an intermediate in acetyl CoA synthesis. 

Utilization of Adenyl Acetate for ATP Synthesis—From the experiments 
discussed thus far, it was considered likely that the intermediate formed 
from ATP and acetate was the phosphoacetyl derivative of A5P. This 
compound was synthesized first from the silver salt of A5P and acetyl chlo 
ride by a modification of the method of Lipmann and Tuttle (45), but better 
yields and purer material were obtained by direct acetylation of A5P with 
acetic anhydride by the method of Avison (46). These are presented in 
detail in Paper IT (22). 
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Synthetic adenyl acetate was converted to ATP in the presence of PP, 
Mg**, and aceto-CoA-kinase (Table VI). This was shown with P®P® and 


TABLE VI 
Formation of ATP from Adenyl Acetate and PP 
Components Time | PP incorporated into ATP 

min. | umole 

| 20 0.23 
Minus enzyme............../ 20 | 0.01 


* The adenyl acetate was previously incubated in 0.1 m KOH for 5 minutes at room 
temperature and then neutralized to pH 7.0. Reaction mixture: The volume of 1.0 
ml. contained 0.1 M potassium phosphate, pH 7.5; 0.005 m MgCl.; 0.002 m P#2P3?; 
0.28 umole of adenyl acetate (measured by hydroxamie acid assay); and 7.2 y of 
enzyme (specific activity 72). 


+aATP 
-s Adenyl-acetate 


Minutes 


Fig. 2. Correspondence of ATP formation and adenyl acetate disappearance. 


Reaction mixture: 1.0 ml. containing 0.1 M potassium phosphate buffer, pH 7.5; 


0.005 a MgCl.; 0.00032 m adeny]l acetate; 0.002 m P2?P3?; and 7.2 y of enzyme (specific 


activity 72). Temperature 37°. ATP determined by Norit assay and adeny] acetate 


by hydroxamic acid assay. 


by measuring P®? in ATP after adsorption and elution from Norit. Accord- 
ing to these data, ATP was formed in an amount equivalent to the amount 
of adenyl acetate added. Treatment of adeny] acetate with dilute alkali, 
which rapidly hydrolyzed adeny] acetate to A5P and acetate (22), destroyed 
this activity. The formation of ATP (Fig. 2) occurs concomitantly with a 
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disappearance of adenyl acetate as measured by hydroxylamine-labile 
acetyl groups. An over-all balance of the formation of ATP from adeny| 
acetate and PP has already been presented (21). 

The enzymatic conversion of adenyl acetate to ATP has also been verified 
spectrophotometrically by being coupled to the phosphorylation of glucose 
with hexokinase. Incubation of adenyl acetate, PP, Mg**, and aceto. 
CoA-kinase in the presence of an excess of hexokinase, glucose, glucose-6. 
phosphate dehydrogenase, and TPN resulted in a reduction of TPN which 
was proportional to the amount of adenyl acetate added (Table VII). The 


TaBLeE VII 


Formation of ATP from Adenyl Acetate and PP Measured Spectrophotometrically 
with Hezokinase and Glucose-6-phosphate Dehydrogenase 


Adeny] acetate added* TPNH formed 
pmole pmolet 
0.000 0.000 
0.024 0.025, 0.025, 0.027 
0.037 0.039, 0.040, 0.038 
0.054 0.056 


0.084 | 0.085 


* The adeny! acetate concentration was determined by acethydroxamic acid for. 
mation and by conversion to acetyl CoA as measured with the malic dehydrogenase. 
citrate-condensing enzymes (10, 29). 

{t An extinction coefficient of 6.22 K 103 cm.~'m~! (47) was used. Reaction mix. 
ture contained, in 1.0 ml., 0.05 m Tris, pH 7.4; 0.001 m MgCl.; 0.025 m glucose; 0.000 
mM TPN; 0.002 m PP; 25 y of hexokinase; and 250 y of glucose-6-phosphate dehydro- 


genase. The reaction was started by the addition of 6.6 y of aceto-CoA-kinase 


(specific activity 125). 


reactions involved are as follows: 


-eto-CoA 
(9) Adenyl acetate + PP — oa > ATP + acetate 
cinas 
hexokinase 
(10) ATP + glucose + glucose-6-phosphate + ADP 


Mgt* 


glucose-6-phosphate _ 
dehydrogenase ; 


(11) Glucose-6-phosphate + TPN 


6-phosphogluconate + TPNH + 
By the spectrophotometric assay, the effect of adeny] acetate concentra- 


tion on the initial rate of ATP formation (TPN reduction) was determined. | 
The maximal rate was obtained with 2 X 10~‘ m and the half maximal rate 7 


at 5 X 10-'m. Ina similar experiment with adeny] acetate in excess and 
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the PP concentration varied, half maximal rate was found between 1 and 
5 X M. 

Mgt+ Requirement—The conversion of adenyl acetate to ATP required 
Mgt+. By measuring the conversion of P”P®” to ATP, a maximal rate was 
found with 1.5 X 10-*m Mgt, a half maximal rate with 2.5 & 10-4, while 
with no Mg++ the rate was 2 per cent of maximum. According to the PP- 
ATP exchange assay, the maximal rate of exchange occurred with 5 X 107-3 
wu Mg++. The discrepancy of the observed optimal concentration of Mgtt 
by the two methods of measurement may be due to the presence of relatively 
larger amounts of ATP in the latter assay. Higher concentrations of Mgtt 
were inhibitory; with 1.5 X 10-? Mm and 2.5 X 107? M, the inhibition was 15 
and 33 per cent, respectively. At these higher concentrations there was a 


TaBLeE VIII 

Effect cof CoA on PP-ATP Exchange and Conversion of Adenyl Acetate to ATP 
Experiment No. Components P22P32 incorporated into ATP 

umole 

1 Complete 0.67 

+ 2 umoles CoA 0.14 

2 Complete 0.23 

a + 2 umoles CoA 0.015 


Experiment 1. A volume of 1.0 ml. contained 0.1 M potassium phosphate, pH 
7.5; 0.005 m MgCl; 0.002 m ATP; 0.002 m P2?P3?; 0.001 m acetate; 0.01 m glutathione; 
7.27 of enzyme (specific activity 96). Incubated at 37° for 20 minutes. Experiment 
2. Same as above, except with 0.0003 m adeny!l acetate instead of ATP. 


visible precipitate (presumably some complex of Mgt+ and one or more of 
the phosphate components). 

Conversion of Adenyl Acetate to Acetyl CoA—It was previously reported 
that CoA inhibits the exchange of PP with ATP by aceto-CoA-kinase (20). 
This has been confirmed by using the purified enzyme activated with ace- 
tate. Moreover, the conversion of adenyl acetate to ATP is markedly in- 
hibited by CoA (Table VIII). This inhibition is due to a competition for 
the substrate, adenyl acetate, by CoA and PP, as demonstrated by the 
rapid conversion of adeny] acetate to acetyl CoA. Acetyl CoA formation 
from adenyl acetate and CoA was measured spectrophotometrically at 
340 mu by coupling with the malic dehydrogenase-citrate-condensing en- 
zymes (11, 29), as shown in Fig. 3. It can be seen that DPN reduction is 
dependent on the presence of adenyl acetate, CoA, and aceto-CoA-kinase. 
The increase in optical density at 340 mu in Fig. 3 (0.789) is equivalent to 
the formation of 0.127 wmole of acetyl CoA, which is in agreement with the 
0.126 umole of adenyl acetate added. 
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With the mahe dehydrogenase-citrate-condensing enzyme asany, thy 
effect of adenyl acetate concentration on the initial rate of acetyl CoA fo 


mation was studied. A maximal rate was obtained with 2 10-4 M and, 
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half maximal rate at 5 
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Fig. 3. Formation of acetyl CoA from adenyl acetate and CoA. Reaction mix | re 


ture: 1.0 ml. containing 0.1 m potassium phosphate, pH 7.5; 0.005 m MgCl; 0.0003 
M CoA; 0.005 m glutathione; 0.0005 m DPN; 0.005 m /-malate; 40 7 of crystallinecitrate- | 
condensing enzyme; 18 y of aceto-CoA-kinase (specific activity 72); and 0.126 wack fe a 
of adenyl acetate (assayed by conversion to ATP). 
tially to Curves 1, 2, and 3, and, at 6 minutes, to Curve 4. CoA was added to3at2 | 
minutes. The experiments were carried out at room temperature in cuvettes with | 


a lcm. light path. 


The acetyl CoA formed from adeny] acetate and CoA was further identi: | 
fied by its ability to acetylate p-nitroaniline with a partially purified amine | 
acetylase from pigeon liver ((32); (Fig. 4)). | 
the reaction could not be determined under these conditions, probably due | 
to the non-enzymatic acetylation of thioglycolate by acetyl CoA (32). | 

Mgt* Requirement for Conversion of Adenyl Acetate to Acetyl CoA—ht | 
contrast to the ATP-PP exchange and the conversion of adeny] acetate to | 
ATP reactions, which have an absolute requirement for Mg*t, acetyl Oot) 


The over-all stoichiometry o |” 
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formation occurs maximally in the absence of added Adenyl acetate 
and CoA were incubated with the enzyme, and various concentrations of 
nda 

~ «ame amount of acetyl CoA was formed in the absence of added Mgt? as in 
the presence of up to 5 10°? m 


Mgt and the acetyl CoA were measured as previously deseribed, “The 


Attempts to Demonstrate Enzymatic Synthesis of Adenyl Acetate—The re- 


actions of adenyl acetate demonstrated in the previous sections are in agree- 


ment with those predicted by the hypothesis shown in Reactions 7 and 8. 
.800 


> 4 


NoCoA_} 
No Aceto-CoA-kinase 


So 


oO 


Complete 


Optical Density at 420m 


10 I5 ao 
Minutes 

Fig. 4. Acetylation of p-nitroaniline with adenyl acetate and CoA. Reaction 

mixture: A volume of 1.0 ml. contained 0.1 mM potassium phosphate, pH 7.6; 0.005 

uw MgCl.; 0.00013 m p-nitroaniline; 0.005 m ethylenediaminetetraacetate; 0.005 m 

0.00015 m CoA; 0.003 m adeny] acetate; 18 y of aceto-CoA-kinase (spe- 

cific activity 72) ; 0.05 ml. of acetylating enzyme (acetone fraction, 1060 units per ml. 

(32)). Adenyl acetate was added at zerotime. The experiments were carried out at 
room temperature in cuvettes with a 1 cm. light path. 


_ Attempts to achieve the net enzymatic synthesis and isolation of adenyl 
_ acetate from ATP and acetate have been unsuccessful to date. By using 


_ P*Jabeled ATP and an amount of crystalline inorganic pyrophosphatase 


2. P 


_ (33) sufficient to hydrolyze 150 umoles of PP per minute (200 y), there was 
' no significant increase in the P® of the non-nucleotide phosphate fraction 
_ above a blank, with no acetate, under conditions in which a liberation of 
0.005 umole of PP could have been detected. 


In an attempt to trap adenyl acetate by an experiment in isotope dilution, 


: adenine-C'-labeled ATP, adenyl acetate, Mg++, and the enzyme were incu- 
é bated in the presence and the absence of acetate. After 30 minutes, the 
{| mixture was adjusted to pH 10 to hydrolyze the adeny] acetate to A5P (22), 
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and then chromatographed on an anion exchange column (28), ‘The resuiy f 


(able IX) show that there was no significant imeorporation of the Agp 
mowely of ATP into the adenyl acetate pool, Similar results were obtained 
Hi the presence of LOO y of inorganic pyrophosphatase, 

A rational explanation for the above failure of isotope equilibration by 
tween ATPC' and adenyl acetate became apparent when it was found tha 


adenyl acetate inhibited the utilization of ATP. ATP, labeled with Pj, 


the terminal pyrophosphate group, was incubated with acetate, reduced 
CoA, inorganic pyrophosphatase, and aceto-CoA-kinase in the presence ani 


the absence of adenyl acetate. After incubation for various periods of time | 


aliquots were assayed for acetyl CoA and the PP liberated was determines 
in the supernatant fluid after adsorption of the ATP-P® with Norit. |; 


TaBLe IX 
Attempted Trapping of Enzymatically Formed Adenyl Acetate 
Specific activity 
Components 
ASP ATP 
c.p.m. per pmole c.p.m. per umole 
117 20 , 450 
Minus acetate.............. 125 21,450 


A volume of 1.0 ml. contained 0.10 M potassium phosphate, pH 7.5; 0.005 m MgCl.; 
0.002 m ATP containing 2.5 X 10‘ c.p.m. per umole; 0.002 m acetate, 0.0055 m adeny! 
acetate, and 36 y of enzyme (specific activity 72). Incubated 30 minutes at 37°. 


the absence of adeny] acetate, P*?P*? liberation and acetyl CoA formation 
were equal throughout the incubation (Fig. 5). In the presence of adeny! 
acetate, however, there were a marked decrease in the P®?P*? formed and an 


increase in the rate of acetyl CoA formation. With smaller amounts o } 
adeny] acetate, the inhibition of formation was not as marked, and as 
the adenyl acetate was utilized for acetyl CoA formation, the rate of P#P* | 
formation increased. These data suggest that, in the presence of adenyl | 
acetate and ATP, there was a preferential use of the adenyl acetate. This |_ 
conclusion was supported by competitive inhibition experiments with PP | 


formation from ATP as a measure of ATP utilization. With ratios of ATP = 


to adeny] acetate of 1.7, 0.56, and 0.42, the inhibition was 68, 85, and 92 per 


cent, respectively. In measuring the conversion of adeny] acetate to ATP, | 


a ratio of 8 of ATP to adenyl acetate produced only a 25 per cent inhibition. 
From this it appears that the affinity of adenyl acetate for the enzyme’ 
greater than that of ATP. This finding, therefore, makes trapping exper 
ments with labeled ATP or acetate experimentally difficult. 
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bachange of and ATP According to the hy pothesis proposed by 
Jones ef al, (20), aceto’ should catalyze an exchange of ASD with 
the corresponding moiety of ATR in the presence of CoA alone (nee 
fiona 4, 6, Thy the hypothena proposed Reactions 7 and 4, the 


requires both CoA and acetate, Adenine labeled AST was 


incubated with unlabeled ATP and the enzyme in the presence or aAbaence 


of acetate and CoA, and then ASP and ATP were separated by anton ex- 


change chromatography (28) and the radioactivity determined (Lable 
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Fic. 5. Effect of adenyl acetate on utilization of ATP for acetyl CoA synthesis. 


_ Reaction mixture: 1.0 ml., containing 0.05 m Tris, pH 7.5; 0.005 m MgCl.; 0.005 m 


acetate; 0.001 ATP3? (ARPP#P*) containing 43,500 c.p.m. per umole; 0.0007 re- 
duced CoA; 100 y of crystalline inorganic pyrophosphatase; 3.6 y of enzyme (specific 
activity 72). Temperature 37°. 


In the complete system during the time the exchange occurred, there was 
0.32 umole of acetyl CoA formed, as measured by acethydroxamic acid. 
These data demonstrate that there was an exchange of A5P and ATP only 
under conditions in which complete reversal of the reaction occurs; namely, 
when both acetate and CoA were present, and are in agreement with the 
mechanism proposed in Reactions 7 and 8. Moreover, this experiment 
supports the earlier conclusion that trace quantities of CoA are not present 
in the enzyme preparation. 

Exchange of Acetate-C'* with Acetyl CoA—Jones et al. (20) have reported 
that aceto-CoA-kinase catalyzed an exchange of acetate-C" with the acetyl 
moiety of acetyl CoA in the absence of A5P, PP, and Mgtt+. Since this 
observation was inconsistent with the mechanism proposed here, the ex- 
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change experiment was reexamined with the purified enzyme (Table XI), 
In the absence of both A5P and PP, and with PP alone, there was only g 
small amount of exchange detectable. When A5P alone was added, the ip. 
corporation of acetate-C into acetyl CoA was about 30 per cent of the 


of ABLE and AVE by Aveta Col 


Sper itis aetivity 
ASP 
per pmole | per pmole 

Complete | 60, | 2430 
Minus acetate 113,000 

‘ acetate and CoA..... 114,000 | () 


A volume of 1.0 ml. contained 0.1 M potassium phosphate, pH 7.5; 0.005 m MgCl,: 
0.0024 m ATP; 0.0069 m C™4-A5P, specific activity 1 & 105 ¢.p.m. per umole; 0.0005 x 
reduced CoA; 0.003 M acetate; 8.3 7 of enzyme (specific activity 125). Temperature 
37°; incubation, 30 minutes. 


TABLE XI 
Exchange of Acetate-C'« and Acetyl CoA by Aceto-CoA-kinase 
Experiment No. Additions 

| c.p.m. per wmole 
1 | None 1,400 0.38 
2 A5P | 106 ,000 29.2 
3 PP | 1,950 | 0.54 
4 A5P + PP ! 111,000 | 30.5 
5 + PPase | | 
6 


4 4 fluoride + PP | 102,500 | 28.2 


i 


A volume of 0.27 ml. contained 0.15 m Tris, pH 7.4; 0.01 m MgCl:; 0.001  ace- | 
tate-C'; 6.7 K 105 c.p.m. per umole; 0.00084 m acetyl CoA; 5.4 y of enzyme (specific [ 


activity 128); and, where indicated, 0.0011 m A5P; 0.0019 m PP (Experiment 3); 
0.007 m PP (Experiment 6); 50 y of inorganic pyrophosphatase; 0.093 m potassium 
fluoride. Temperature 37°; incubation 30 minutes. Acetyl CoA was separated from 
acetate-C' by adsorption on Norit and elution with 50 per cent ethanol containing 
0.005 m KOH. Aliquots were counted and the acetyl CoA content determined as 
acethydroxamic acid. 
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calculated maximum under these conditions, and this was not increased by 
adding PP. Since the exchange in the presence of A5P alone also required 
Mgt", it appeared likely that this was due to small amounts of PP in the 
reaction mixture, Addition of inorganic pyrophosphatase in the presence 
of ASP completely blocked the incorporation of acetate-C" into acetyl CoA, 
When, in addition to the inorganic pyrophosphatase, sufficient fluoride to 
hibit the pyrophosphatase and PRP were added, the exchange waa re- 
stored, ‘These data show, therefore, that both A6P and PP are required 
for the acetate acetyl CoA exchange and are in agreement with the mech 
aniam postulated in Keachions 7 and ‘These experiments alao suggest 
that the acetyl moiety of adenyl acetate does not exchange with free ace- 
tate. This has been confirmed by incubating adenyl acetate and 
acetate-C™ with the enzyme and reisolating the adenyl acetate. There 
was no detectable incorporation of acetate-C™ into the recovered adenyl 
acetate. 


DISCUSSION 


The formation of adenyl acetate as an intermediate in acetyl CoA forma- 
tion by yeast aceto-CoA-kinase is supported by the following observations. 
(1) The exchange of PP and ATP requires acetate; (2) synthetic adenyl 
acetate is readily converted to ATP in the presence of PP and to acetyl-CoA 
with CoA; (3) the CoA-independent accumulation of acethydroxamic acid, 
PP, and A5P in the presence of hydroxylamine; (4) the requirement of ace- 
tate and CoA for the exchange of A5P with ATP (5); and the requirement 
of A5P and PP for the exchange of acetate with acetyl CoA. Further sup- 
port for the proposed mechanism has been provided by the recent O'8 ex- 
change studies of Boyer ef al. (48). It was found that O'*-carboxyl-labeled 
acetate gave rise to excess O'8 in the phosphate group of A5P. These re- 
sults would be predicted from Reactions 7 and 8 and are discussed below. 

The failure to accumulate enzymatically formed adeny] acetate has been 
puzzling. Whether this is a reflection of a low dissociation of adenyl ace- 
tate from the enzyme is not clear. The apparent dissociation constant 
(K,) of adenyl acetate is about 5 X 10-5 Mm, but whether this is the same as 
the dissociation constant of enzymatically formed adenyl] acetate is not 
known. Further work is required to elucidate this point. 

In considering the mechanism of the aceto-CoA-kinase reaction and its 
analogy with the formation and utilization of acetyl phosphate, certain 
similarities are apparent. Koshland (49), in a discussion of the mechanism 
of group transfer reactions, pointed out that many of the well known en- 
zymatic group transfers may be considered as single displacement or sub- 
stitution reactions. With the phosphorylation of acetate to illustrate this, 
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the reaction may be formulated as follows: 
+ 
| | | 
CH;,;,C—O: + 
O- O- 
| | | 
(12) 
Firat, there is a nucleophilic attack on the terminal P atom by the un 
shared pair of electrons of the acyl oxygen atom, forming an activated com- 


plex which breaks down to ADP and acetyl phosphate. In the case of the | 
aceto-CoA-kinase reaction, however, the nucleophilic attack by acetate | 
may be considered to occur in a similar way, but on the adenylic acid phos. 
phorus atom liberating PP and forming a derivative of acetyl phosphate | 
namely, adenyl acetate. The formation of acetyl CoA by phosphotrans. | 
acetylase and by aceto-CoA-kinase also appears to be analogous when con- | 
sidered in this way. Thus a nucleophilic attack by CoA on the acyl carbon } 
atom displaces, in one case phosphate, and in the other, A5P (Reaction 13). f 


H 
O- O O- 
(13) 
O- 


Analogous reactions which lead to the liberation of PP are well known. 
In the enzymatic formation of DPN (36), FAD (39), and UDPG (40), one © 


may consider the nucleophilic displacing unit to be the phosphate-oxygen 
atom of NMN, FMN, and glucose-1-phosphate, and the acceptor, the Ad? 
moiety of ATP, or the U5P moiety of UTP. 


_Although it is clear that the formation of acetyl CoA via acety] phosphate © 
is catalyzed by two separate enzymes, all attempts to show that the aceto » 
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 CoA-kinase reaction involves more than one enzyme have been negative. 
- Thus far our own studies with the yeast enzyme have given no indication 
 ofaseparation of the activities shown in Reactions 7 and 8 during a purifica- 
~ tion of the enzyme of about 50-fold, although further studies would be re-, 
quired to establish this point rigorously. Similar results have been 


obtained with the acetyl CoA- and butyryl CoA-forming systems of animal 
tissue (11, 19). 


There is now plentiful evidence that the formation of acyl adenylate com- 


pounds may be of considerable significance in other acy! group activations. 


Thus, in the butyrate-activating system (19), the utilization of synthetic 
adenyl butyrate for ATP and butyryl CoA formation has been demon- 
diated.’ Furthermore, Jencks (50) has reported a CoA-aindependent for- 
mation of octanoyl hydroxamice acid and PP by a pig liver enzyme, and it 
appears that this represents an matial formation of adenyl octanoate 
which is subsequently aplit by hydroxylamine, 

During the course of this work (21) an enzyme was purnhied (23) from 
yeast which catalyzes a PP-A'TP exchange requiring speerfieally L-methi 


— onine, and which in the presence of hydroxylamine carries out the following 
reaction, 


(14) ATP + L-methionine + hydroxylamine — 
L-methionine hydroxamate + A5P + PP 


Hoagland et al. (51) have also presented evidence for the formation of amino 
acid hydroxamates and PP from ATP, and some fifteen amino acids by a 


soluble protein fraction of liver. A similar system which requires amino 


| acids for an exchange of PP and ATP has been demonstrated in extracts of a 
- number of microorganisms (52). Maas (53), in his studies of pantothenic 
is : acid synthesis by an enzyme from Escherichia coli, has shown that pantoic 
| acid is required for the exchange of PP with ATP. Because of this and 
: other evidence, Maas has suggested (53) the formation of a pantoyl adeny!l- 
» ate compound which is subsequently cleaved by §-alanine, forming panto- 
¥ thenic acid. It is interesting to note that the nitrogen atom of 
| amino groups contains an unshared pair of electrons and is capable of initi- 


ating a nucleophilic displacement of the A5P in the manner proposed for 
the sulfur atom of CoA. Evidence has also been presented for the forma- 


x tion of adenyl sulfate from ATP and sulfate in the esterification of nitro- 
_ phenol by liver enzymes (54) and for the formation of adeny] carbonate in 


the carboxylation of 6-hydroxyisovaleryl CoA (55). 
It therefore seems possible that acyl adenylate formation may represent 
a general mechanism for the activation of fatty acids, amino acids, and a 


_ variety of compounds containing an acyl group. 


* Private communication from Dr. H. Beinert and Dr. C. N. Lee Peng. 
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SUMMARY 


2 

Studies of the enzymatic mechanism of acetyl CoA synthesis from ATP | ? 
acetate, and CoA have shown that the reaction occurs in two steps. ; 
ATP + acetate = adenyl acetate + PP 2 
Adenyl-acetate + CoA = acetyl CoA + A5P 3 

ATP + acetate + CoA = acetyl CoA + A5P + PP 3 

3 


In support of this formulation are the following observations: (1) The ey. } 
change of PP with ATP requires acetate; (2) acethydroxamic acid js | 3 
formed from ATP, acetate, and hydroxylamine in the absence of added | 3 
CoA; (3) synthetic adenyl acetate is converted to ATP in the presence of 


PP and to acetyl! CoA in the presence of CoA; (4) the exchange of A5P-C» : 
with ATP is dependent on the presence of acetate and CoA; and (5) the 
exchange of acetate-C"™ with acetyl CoA requires both A5P and PP, 4 
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ACYL ADENYLATES: THE SYNTHESIS AND PROPERTIES OF 
ADENYL ACETATE* 


By PAUL BERGft 
WITH THE TECHNICAL ASSISTANCE OF GEORGIA NEWTON 
(From the Department of Microbiology, Washington University School of 
Medicine, St. Louis, Missouri) 
(Received for publication, March 9, 1956) 


A study of the mechanism of acetyl CoA! formation from ATP, acetate, 
and CoA by yeast aceto-CoA-kinase has revealed that the reaction occurs 
in two steps (1, 2). The evidence suggests that ATP and acetate react to 
form PP and the acetyl derivative of A5P, which is then utilized in the 
formation of acetyl CoA. ‘This formulation is supported by the finding 


that synthetic adenyl acetate and PP are enzymatically converted to ATP 
— (Reaction 1), and that acetyl CoA is formed from adenyl acetate and CoA 


(Reaction 2), 


(1) ATT acetate adenyl acetate + VPP 


(2) Adenyl avetate 4 CoA acetyl CoA 4 AST 


The present communication deals with a deseription of the synthema and 


properties of adenyl acetate, 


Materials and Methods 
DPN, TPN, A5P, and glucose-6-phosphate dehydrogenase (0.8 unit per 


mg. (3)) were products of the Sigma Chemical Company, and CoA (75 per 
cent pure) was obtained from the Pabst Brewing Company. Hexokinase 
and P®P® were prepared as previously described (2), and citrate-condensing 
' enzyme (4) containing malic dehydrogenase was kindly supplied by Dr. 
' $.Ochoa. A5P deaminase was prepared from rabbit muscle according to 
| the method of Kalckar (5), and 5’-nucleotidase was obtained from bull 
_ semen according to Heppel and Hilmoe (6), by using the “simplified prepa- 
ration.” 


* This work was supported by grants from the United States Public Health Serv- 


_ ice and the National Science Foundation. 


t Scholar in Cancer Research of the American Cancer Society. 


_  'The following abbreviations have been used throughout. Acetyl coenzyme A, 

acetyl CoA; adenosine triphosphate, ATP; inorganic pyrophosphate, PP; adeno- 

_ Sine-5'-phosphate, A5P; diphosphopyridine nucleotide, DPN; triphosphopyridine 

, — TPN; trichloroacetic acid, TCA; tris(hydroxymethyl)aminomethane, 
ris, 
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Free A5P was determined by deamination with A5P deaminase (7) ap; 
by the liberation of inorganic phosphate (8) with 5’-nucleotidase (6), whik 
acetate was measured with a partially purified preparation of acetokinay 
by the method of Rose et al. (9). 

Determination of Adenyl Acetate—Adeny] acetate was determined eithe 


colorimetrically as the ferric complex of acethydroxamate, or enzymatically } 


by conversion to ATP or acetyl CoA. 

ATP synthesis from adeny] acetate was measured in two ways. In th 
first, adeny!] acetate and P®#P** were incubated with the enzyme, and th 
ATP formed was determined after adsorption and elution from Norit (2) 
ATP formation was also determined by measurement of TPN reduction ji; 
the presence of aceto-CoA-kinase, hexokinase, glucose, glucose-6-phosphate 
dehydrogenase, and TPN (2). Acetyl CoA synthesis from adeny] acetat: 
and CoA was measured by DPNH formation in the following series of rege. 
tions. 


aceto-CoA-kinase 


(3) Adenyl acetate + CoA > acetyl CoA + A5P + Ht 
(4) L-Malate + DPN Sony > oxalacetate + DPNH + Ht 
(5) Acetyl CoA + oxalacetate citrate-condensing ensyme > 

citrate + CoA + it 
Adenyl acetate DPN tomalate citrate ABP 4 DPNH + 


In the colorimetric procedure, OL ml, of freshly neutralized 2 hydroxyl 
amine wae added to the sample in Onl, and after 5 minutes at 37°, ora | 
room temperature, ml. of LO per cent ferne chloride contaming 0.25 


TCA and 0.66 was added, After 5 minutes the optical density a 
540 my was determined in a euvette with a light path of Lem, by usings 


Beckman DU spectrophotometer. A sample to which no adenyl acetate f 
had been added served as the blank. 1 umole gave an optical density ¢ | 
0.630 under these conditions. There was good agreement between the 
values obtained in this manner and those determined enzymatically (Ta [ 
ble 1). During these experiments it was found that incubation of the ade | 
nyl acetate hydroxylamine mixture at 100° for 5 minutes, instead of at 37, 


gave higher values for adenyl acetate than those found enzymatically. 
This discrepancy will be discussed later. 
Synthesis of Adenyl Acetate—Adeny] acetate was prepared in two ways 


The first was the reaction of acetyl chloride and silver adenylate by a mod:- | 


fication of the method used by Lipmann and Tuttle for acetyl phosphate 


(10), and the second was a modification of the method of Avison (11) with 


acetic anhydride and A5P in aqueous pyridine. 
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Procedure A—360 mg. of A5P were suspended in 20 ml. of water and the 
pH was adjusted to pH 6.5 with KOH. 4.0 ml. of 1.0 M silver nitrate were 
added and after 1 hour at 4° the precipitate was removed by centrifugation, 
washed twice with 25 ml. portions of cold water, twice with 50 ml. portions 
of cold ethanol, and twice with 50 ml. portions of ether. The precipitate 
was dried in vacuo over phosphorus pentoxide and paraffin. The yield of 
silver adenylate was 435 mg. 

430 mg. of the silver adenylate were suspended in 5 ml. of anhydrous 
ether (from a freshly opened container) in a three-necked flask fitted with a 
dropping funnel and two drying tubes containing calcium chloride. The 
dropping funnel was also fitted with a drying tube at the top. The flask 
was immersed in an ice bath and the suspension stirred with a magnetic 
stirrer. 15 ml. of an ether solution containing 10 mg. of freshly distilled 
acetyl chloride per ml. were added dropwise with vigorous stirring over a 


TABLE I 
Enzymatic and Colorimetric Determination of Synthetic Adenyl Acetate 


| 
Acethydroxamate formation ATP formation | Acetyl CoA formation 
mb pmoles per ml. | pmoles per ml. 
75.2 73.9* 74.9 
| 76.0f 


* Measured by conversion of P*#P** to ATP (2), 
| Measured spectrophotometrically by ‘TPNH formation (2), 


period of about 20 minutes, ‘Phe starring was continued for an additional 
IS minutes and then ml. of cold water were added. ‘The suspension was 
carefully adjusted to pH 6.5 by the addition of 0.2 mM potassium carbonate, 
and then the ether layer was removed and washed twice with 5 ml. portions 
of cold water. The aqueous fractions were combined and the residual ether 
removed by blowing a stream of air over the solution at room temperature. 

To the above solution (80 ml.) were added 3.3 ml. of 1 N HICI and, after 
centrifugation, the silver chloride precipitate was washed with 5 ml. of cold 
water and the wash and supernatant fluids were combined and carefully 
neutralized to pH 6.5 with KOH. This solution (38 ml.), based on its op- 
tical density at 260 mu (extinction coefficient 16 10% em.~! m- (7)), con- 
tained 20.3 umoles of total A5P per ml. By measurement of acethydrox- 
amic acid formation at 37°, this solution contained 2.8 umoles of labile acety] 
groups per ml. 

Procedure B—2.0 gm. of A5P (5.81 millimoles) were suspended in 16 ml. 
of water and the pH was adjusted to about 7 with 8.5 m KOH. Pyridine 
(4 ml.) was added and the solution was diluted to 24 ml. with water. The 
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solution was cooled to —5°, and acetic anhydride (3.4 ml., 35 mmoles) was 
added with vigorous stirring over a period of 3 minutes. 5 minutes late 
375 ml. of acetone (—15°) were added and after 15 minutes at —15° the 
solution was centrifuged. The precipitate formed at this stage was gp. 
latinous, and washing was difficult. Therefore, the precipitated materia] 
was dissolved in 10 ml. of cold water and reprecipitated with 150 ml. of cold 
acetone. After 10 minutes the precipitate was removed by centrifugation 
and washed with 150 ml. of an acidified mixture of acetone and ether (1:1 
by volume containing 0.001 N HCl). This treatment converted the gelat. 
inous precipitate to a somewhat granular one which was then washed with 


50 ml. of ether and then air-dried. The dried precipitate was dissolved in | 


35 ml. of cold water and the pH adjusted to 6.5. This solution contained 
3.92 mmoles of total A5P as determined by the optical density, and 26 
mmoles of adenyl acetate. The yield of adenyl acetate was 45 per cent, 
based on the amount of A5P used, but 66 per cent according to the A5P 


recovered. The supernatant fluid of the acetone precipitation contained | 


the remainder of the A5P and some adeny] acetate, but no attempts wer 
made to recover this material. The ratio of adeny] acetate to free A5P de- 
pends to a large extent on the rapidity with which the material is precipi- 
tated from the pyridine-containing mixture since pyridine catalyzes a rapid 
hydrolysis of adenyl acetate. 

Purification of Adenyl Acetate—Adeny| acetate was purified by anion 
exchange chromatography with Dowex | resin. In those preparations in 
which the ratio of adenyl acetate to A5P was 1 or less, a preliminary barium 
fractionation was employed. One typical fractionation experiment was 
carried out as follows: ‘To 20 ml. of the crude adenyl acetate solution ob- 
tained in Procedure A were added 30 ml. of cold water, then 0.7 ml. of 
saturated solution of barium chloride, followed by 175 ml. of 95 per cent 
ethanol, After 4 hours at —15°, the precipitate of barium adenylate was 


removed by centrifugation and washed with 60 per cent ethanol, The | 
combined wash and supernatant Muids were adjusted to pH 6.5 to 7.0 and | 
concentrated in vacuo to about 20 ml, to remove moat of the ethanol, Thi | 
nolution waa diluted to 150 ml, with cold water and put on a 2.5 X 5 Ff 
em, column of Dowex 1 Cl (200-400 mesh, 2 per cent cross-linked), The > 
adenyl acetate was eluted almost immediately with 0.015 Nn HCI (peak at2 7 


resin bed volumes). This procedure was followed when eluates suitable for 
enzymatic and chemical analysis were needed. By starting with 56 wmoles 
of adenyl acetate, 45.7 umoles were eluted between 38 and 53 ml. of eluate. 
These three fractions contained 57.8 umoles of A5P, indicating a purity d 
79 per cent or a purification of almost 6-fold. The purity of the best prepa 
rations obtained by the combined barium fractionation and chromato- 
graphic separation ranged between 75 and 85 per cent, based on the optical 
density at 260 mu and on the enzymatic activity. 
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Results 


All of the preparations of adenyl acetate obtained as described above had 
an absorption spectrum indistinguishable from A5P. At pH 7 the absorp- 
tion maximum was at 259 my and the A280/A260 and A250/A260 ratios were 
0.18 and 0.86, respectively. In the samples of adenyl acetate prepared by 
Procedure B, only a small fraction of the ASP, determined from the ab- 
sorption spectrum, was present as free A5P. This was shown by the use of 
45P deaminase which is specific for the 5’-phosphate ester of adenosine 
(5, 12) and by 5’-nucleotidase which is relatively specific for the 5’-phos- 
phate esters of nucleotides (6). Table II shows that only 18 per cent of the 
total ASP present was deaminated or dephosphorylated by these enzymes. 


TaBLeE II 
Enzymatic Analysis of Adenyl Acetate Prepared by Procedure B 
Original Hydrolyzed* 
moles per ml. pmoles per ml. 
Total A5P by optical density............ 4.5 
Adenyl acetate by enzymatic assay...... 3.2 0.0 
P; liberated by 5’-nucleotidase........... 0.86 4.6 
A5P deaminated by A5P deaminase...... 0.84 4.7 


*The analyses were made on both untreated and hydrolyzed aliquots. Adeny] 
acetate was hydrolyzed by incubation with 0.01 n KOH for 5 minutes at room tem- 
perature. Total A5P was calculated from the measurement of optical density at 
260 mu, and adenyl acetate was determined by enzymatic conversion to ATP. Free 
A5P was measured by phosphate liberation after treatment with 5’-nucleotidase 
under the conditions previously described (6) and by the decrease in optical density 
at 265 my in the presence of A5P deaminase (7). 


Treatment of the adenyl acetate with 0.01 N KOH at room temperature for 
S minutes or with neutral hydroxylamine at 37° resulted in the destruction 
of ils enzymatic activity and the liberation of free ASP. Of the ASP which 
susceptible to ASP deaminase and 5 nucleotidase ASP), 
approximately 70 per cent was accounted for as adenyl acetate by ita en- 
zymatic activity, ‘The remainder of the “bound” ASP, 0.6 pmole per ml., 
ean beat, be accounted for as the diacetyl derivative of ASP. This can be 
seen in the following experiment (Table IID. 5 ml. of a solution contain- 
ing 100 pmoles of total ASP and 53 umoles of adenyl acetate per ml. were 
fractionated with Bat? as described earlier and chromatographed on a 
Dowex 1 Cl- column (2.5 & 5 em.). The adenyl acetate was eluted with 
0,0035 N HCl at 4° and approximately 0.75 resin bed volume of eluate was 
collected per fraction. Ultraviolet-absorbing material started to appear in 
the eluate at about 6 resin bed volumes and continued to be eluted until 37 
resin bed volumes had passed through the column, with the peak being at 
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25 resin bed volumes. Over this entire range the optical density ratio g; 
280 to 260 my remained between 0.20 and 0.22. The fractions comprising 
the major portion of the peak (14 to 32 resin bed volumes) were analyzed a; 
described in Table III. It can be seen that there is good agreement by. 
tween the enzymatically determined adenyl acetate and the amount o 
acethydroxamic acid formed at 37°, but each of these is lower than the 
total amount of A5P present, even though in the early fractions free A5p 


TaBLeE III 
Analysis of Chromatographed Adenyl Acetate 
Acethydroxamate Total ASP 
at 37° at 100° ted 
19 0.00 0.34 0.33 0.56 0.58 0.43 0.45 
21 0.44 0.40 0.54 
23 0.00 0.48 0.47 0.75 0.78 0.63 0.62 
25 0.54 0.50 0.71 
27 0.00 0.60 0.57 0.93 0.95 0.79 0.78 
29 0.63 0.62 0.84 
31 0.02 0.67 0.66 1.01 1.04 0.91 0.86 | 
33 0.72 0.70 0.97 
35 0.03 | 0.74 0.73 1.10 1.09 0.99 0.95 | 
37 0.73 0.70 0.96 
39 0.05 0.66 0.66 1.02 1.04 0.92 0.91 
41 0.65 0.63 0.84 
43 0.02 0.56 0.53 0.82 0.80 0.70 0.72 


All of the values are expressed as micromoles per ml. 
Free A5P + adenyl acetate + (acethydroxamate, 100° — acethydroxamate, 37°/- | 
2) = total A5P. The fractions were analyzed for total A5P (by optical density at 
260 my), acethydroxamic acid formed at 37° and 100°, adenyl acetate (by conversion 
to acetyl CoA), free A5P (by A5P deaminase), and acetate (by acetokinase after in 
cubation of the adenyl acetate in 0.01 n KOH for 5 minutes at room temperature), 


could not be detected. Moreover, there is more acetate liberated on treat | 
ment with dilute alkali than can be accounted for as adenyl acetate or i 
acethydroxamate (37°), ‘The data show, however, that all of the acetate | 
present in converted to acethydroxamate at 100°, it in that 
the extra acethydroxamate formed at 100° in derived from adenyl dince — 
tate, then all of the ASP ean be accounted for, ‘Thus, if one adda to the | 
sum of free ASP and adenyl acetate one-half the difference between acethy. | 
droxamic acid formed at 100° and 37°, then there is good agreement with [ 
the value of total A5P. 
By Procedure B, it has been found that variable amounts of adenyl d- 
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acetate are formed and usually comprise 10 to 20 per cent of the total A5P 
of purified adenyl acetate preparations. The present evidence suggests 
that the diacetyl derivative is not enzymatically active in the formation of 
ATP or acetyl CoA, but more extensive studies with this compound sepa- 
rated from the monoacety] derivative would be required to establish this 
point conclusively. 

Stability of Adenyl Acetate—Fig. 1 shows the kinetics of destruction of 
adenyl acetate under various conditions of temperature and pH. A sig- 
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5 
Minutes 
Fig. 1. Hydrolysis of adenyl acetate. Curve A, unbuffered aqueous solution, 
100°; Curve B, 0.10 m sodium formate, pH 4.0, 100°; Curve C, 0.10 m Tris buffer, pH 
7.5, 100°; Curve D, 0.01 Nn HCl, 100°; Curve E, 0.10 n HCI, 100°; Curve F, 0.10 m 
glycine buffer, pH 10.0, 20°, and 0.01 n KOH, 20°. The first order hydrolysis con- 
stants calculated from Curves A, B, C, D, E, and F are 0.026, 0.030, 0.061, 0.209, 1.37, 
and 3.40 min.~!, respectively. 


nificant feature of this experiment was the comparative stability of adeny! 
acetate at pH 4.0 at 100°, and the rapid destruction at pH 10 at 20°. In the 
course of chromatographing adenyl acetate, little or no detectable disap- 
pearance Of the adenyl acetate was observed when it was kept at 0-4" in 
N HCL for as long aa 12 hours, but even a exposure at thin 
temperature ton pit of about 10 or above results in the complete hydrolymnn 
of the compound, When adenyl acetate was incubated at 37° in O10 
potassium phosphate buffer, pH 7.5, or in 0.10 mM Tria buffer, pH 7.5, there 
was lest than 10 per cent destruction in 30 minutes. However, in 0.10 m 
Tris buffer, at pH 8.0, 8.5, or 9.0, at 37°, there was approximately 15, 30, 
and 50 per cent destruction in 30 minutes. 
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DISCUSSION 


In the present report the preparation and some of the properties of adeny| 
acetate have been described. All of the evidence available thus far ing. } 
cates that adeny] acetate is an anhydride of acetic and adenylic acids joing | 
by an acyl-phosphate linkage. In support of this conclusion are the folloy. | 
ing observations. The absorption spectra of adenyl acetate preparation; 
of up to 85 per cent purity are almost identical to that of free A5P. Hoy. | 
ever, the lack of reaction with A5P deaminase shows that the A5P moiety 


exists in a modified or “bound” form. Moreover, adeny] acetate is no 


degraded by 5/-nucleotidase, suggesting that the acetyl moiety is on the } 
5’-phosphate group. Treatment of adenyl] acetate with hydroxylamine a | 
neutral pH results in the liberation of ASP and the formation of acethy. 

droxamic acid. The acethydroxamic acid formed at neutral pH and room | 
temperature is equivalent to the amount of acetyl groups which can be en. | 
zymatically transferred to CoA. The stability of adenyl acetate under } 
various conditions of pH and temperature closely resembles that of acety! 
phosphate (13), the major difference being the greater stability at pH 40 | 
at 100°. All of these findings taken together are in agreement with the | 


formulation of adenyl acetate as the phosphoacetyl derivative of A5P. 

The method of synthesis of adenyl acylates described by Avison (11), 
and used here for adeny] acetate, appears to offer a convenient method for 
the preparation of a number of similar derivatives. Peng? has prepared 
adenyl butyrate from butyric anhydride and A5P and has shown it to be 
converted to ATP and butyryl CoA with the butyrate-activating system of 
liver (14). Comparable studies with the higher fatty acid adenylates are 
worthy of further investigation. 


SUMMARY 


Adeny] acetate has been synthesized by the reaction of acetic anhydride | 
and A5P in pyridine and from acetyl chloride and silver adenylate. Studies } 
with A5P deaminase and 5’-nucleotidase indicate that adeny] acetate is the | 
phosphoacety] derivative of A5P. In agreement with this conclusion was ‘ 
the finding of acethydroxamate and A5P formation on treatment of adenyl | 
acetate with neutral hydroxylamine. Adetiyl acetate is relatively stable | 
at acid pH at 04°, but is rapidly split at pH! 2 and below, at 100°. At pH | 


10 and above, it is rapidly hydrolyzed even at 0°. 
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ACYL ADENYLATES: THE INTERACTION OF ADENOSINE 
TRIPHOSPHATE AND 1L-METHIONINE* 


By PAUL BERGT 
WiTH THE TECHNICAL ASSISTANCE OF GEORGIA NEWTON 


(From the Department of Microbiology, Washington University School of 
Medicine, St. Louis, Missouri) 


(Received for publication, March 9, 1956) 


Several reactions are now known which can account for the exchange of 
PP! with the terminal pyrophosphate group of ATP (1-6). Recently it 
was demonstrated (3, 4) that the reaction of ATP and acetate with the 
acetate-activating enzyme (aceto-CoA-kinase) resulted in such an exchange. 
Because of this and other observations (4), it was proposed that the acetate- 
dependent exchange occurred via the intermediate formation of adenyl 


acetate (Reaction 1). 
(1) ATP + acetate = adenyl acetate + PP 


Further investigation of PP-ATP exchange reactions revealed that yeast 
extract catalyzed such an exchange, which was dependent on the presence 
of t-methionine (3). 

The possibility that this represented an activation of methionine by ATP, 
analogous to that shown in Reaction 1, stimulated further study of its mech- 
anism. The present report is concerned with the partial purification of an 
enzyme from yeast which carries out the L-methionine-dependent exchange 
of PP and ATP, and a description of some of the properties of the reac- 
tion. In the presence of ATP, L-methionine, and hydroxylamine there is a 
net formation of A5P, PP, and methionine hydroxamic acid. These find- 
ings, together with the failure to observe any exchange of A5P-C™ with 
ATP in the presence of methionine, are consistent with the formation of an 
adenyl methionine derivative from ATP and methionine (Reaction 2) and 
its subsequent cleavage in the presence of hydroxylamine (Reaction 3). 


(2) ATP + methionine = adenyl methionine + PP 


(3) Adenyl methionine + hydroxylamine — 
methionine hydroxamate + A5P + PP 


* This work was supported by grants from the United States Public Health Serv- 
ice and the National Science Foundation. 

t Scholar in Cancer Research of the American Cancer Society. 

'The following abbreviations have been used. PP, inorganic pyrophosphate; 
ATP or ARPPP, adenosine triphosphate; A5P, adenosine-5’-phosphate; TCA, tri- 
chloroacetic acid; Tris, tris(hydroxymethyl)aminomethane; CoA, coenzyme A. 
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_ Hoagland (5) has reported the existence of amino acid-requiring PP-ATp 
exchange reactions in liver extracts and demonstrated the formation of 
amino acid hydroxamates from ATP, amino acids, hydroxylamine, and , 
soluble protein fraction from liver. DeMoss and Novelli (6) have alg 
demonstrated the existence of a number of amino acid-dependent PP-ATp 
exchange reactions in a variety of bacterial extracts. More recently Hoag. 
land et al. (7) reported the separation of the enzymatic activity responsible 
for the methionine-activated PP-ATP exchange reaction from other amino 
acid-requiring PP-ATP exchange systems and have suggested that each of 
the exchange reactions is catalyzed by a separate enzyme. 


Materials and Methods 


PP was prepared by heating NazHP®QO, at 225° for 18 hours (8), or at 
400° for 1 hour (9), and purified by anion exchange chromatography (8), 
ATP labeled with P® in the terminal pyrophosphate group was prepared by 
exchange of PP? with ATP by using purified aceto-CoA-kinase (4), 
A5P-C™ was made as previously described (4). A5P deaminase was ob- 
tained from rabbit muscle by the method of Kalckar (10), and crystalline 
ribonuclease was obtained from the Worthington Biochemical Corporation, 
Hydroxylamine was prepared from hydroxylamine sulfate and barium hy- 
droxide (4), and pt-methionine hydroxamate? was made by treatment of 
pL-methionine hydrochloride ethyl ester (11) with methanolic hydroxyl. 
amine in sodium methoxide (12) and recrystallized three times from meth- 
anol-water mixtures at about pH 8. Methionine hydroxamic acid was 
determined colorimetrically as the ferric complex (13). To the sample ina 
volume of 1 ml. was added 0.5 ml. of a 10 per cent solution of ferric chloride 
containing 0.2 m TCA and 0.66 m HCl. After 5 minutes the optical density 
at 540 mu was determined in a cuvette with a 1 cm. light path. 1 umole of 
methionine hydroxamic acid gave, under these conditions, an optical density 
of 0.437. In the experiments in which the enzymatic formation of methi- 
onine hydroxamate was measured, synthetic methionine hydroxamate was 
added to a control tube (minus ATP and methionine) as an internal stand- 
ard. 

A5P was determined either by anion exchange chromatography (14) or 
by A5P deaminase (15), and PP was measured by phosphate liberation 
(16) after treatment with inorganic pyrophosphatase’ (17). Protein was 
determined as described by Lowry e¢ al. (18). 


2I am deeply indebted to Dr. Peter H. Lowy, to Dr. E. B. Keller, and Dr. M. 
B. Hoagland for their generous gifts of p.-methionine hydroxamate which were used 
for comparison with the preparation described above. 

’ The crystalline inorganic pyrophosphatase, prepared from yeast, was very kindly 
supplied by Dr. G. Perlmann and Dr. M. Kunitz. 
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Assay Procedure—The methionine-dependent P”P*-ATP exchange reac- 
tion was measured in the following way. The reaction mixture contained, 
in 1.0 ml., 0.1 m Tris buffer, pH 8.0, 0.002 m ATP, 0.002 m PP containing 
between 10! and 10° c.p.m. per umole, 0.003 m L-methionine, 0.005 m MgCla, 
and the enzyme. After 15 minutes at 37°, perchloric acid was added and 
the P? incorporated into ATP was measured by adsorption and elution of 
the ATP from Norit (4). 1 unit of activity was defined as that amount of 
enzyme which catalyzed the incorporation of 1 umole of PP into ATP in 
15 minutes. With 0.3 unit of enzyme or less, the rate of exchange was 
constant for at least 30 minutes. By the standard assay, the amount of 
exchange was proportional to enzyme concentration. Thus, with 1.5, 3.0, 
5.0, 12.5, and 25 y of enzyme protein (Fraction AS-1) the number of units 
of activity per mg. of protein were 6.7, 6.7, 6.0, 5.6, and 6.4. 


Results 


Dried brewers’ yeast‘ (25 gm.) was mixed with 75 ml. of 0.1 mM potassium 
bicarbonate and incubated at 37° for 4 hours. The autolyzed mixture was 
centrifuged at 10,000 X g for 10 minutes and the residue discarded. The 
supernatant fluid (yeast extract (Fraction YE) 40 ml.) was diluted to 120 
ml. with cold water, and 76 ml. of ethanol at 4° were added at a rate ad- 
justed to maintain the temperature between 7—-10°. The solution was cen- 
trifuged at 4° for 5 minutes at 10,000 * g and the supernatant fluid dis- 
carded. The precipitate was extracted with 54 ml. of 0.05 m Tris buffer, 
pH 8.0, and the insoluble material obtained by centrifugation was dis- 
carded. To the supernatant fluid were added 27 ml. of 0.5 m potassium 
succinate buffer, pH 6.0, the solution was cooled to 0°, and 23.5 ml. of eth- 
anol at —15° were added while the temperature was kept between 0-1°. 
The precipitate was removed by centrifugation for 5 minutes at 10,000 * g 
and then dissolved in 40 ml. of 0.05 m Tris buffer, pH 8.0 (Alcohol Frac- 
tion 2). 

To this solution were added 13.4 gm. of ammonium sulfate and, after 5 
minutes, the mixture was centrifuged as mentioned above and the precipi- 
tate discarded. To the supernatant fluid were added 5.0 gm. of ammonium 
sulfate, and, after 5 minutes, the solution was centrifuged. The precipitate 
was dissolved in 10 ml. of Tris buffer, pH 8.0 (Ammonium sulfate, Fraction 
1 (AS-1)). 

This solution was then diluted with the Tris buffer to a protein concentra- 
tion of 2.0 to 2.5 mg. per ml. In the experiment in Table I, the volume 
was adjusted to 17.5 ml. and, after being warmed to 20°, 1.5 mg. of crystal- 
line ribonuclease in 0.3 ml. of water were added. After 5 minutes the solu- 


. ‘ Dried brewers’ yeast, strain BSC, was kindly furnished by Anheuser-Busch, Inc., 
t. Louis. 
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tion was cooled to 0° and 31 ml. of cold saturated ammonium sulfate wer 
added. After another 5 minutes the precipitate was removed by centrify. 
gation for 10 minutes at 10,000 X g. To the supernatant fluid were added 
20 ml. of saturated ammonium sulfate, and after 5 minutes the precipitate 
was centrifuged, as described above, and dissolved in 6 ml. of 0.05 m Tri 
buffer, pH 8.0 (Ammonium sulfate, Fraction 2 (AS-2)). 


TABLE I 
Purification of Enzyme 
Co - 
Fraction ton of | Total units| ‘tion of” | Specific 
enzyme protein activity 
units per ml. mg. per mil. -. 
Yeast extract (YE).................... 16.9 676 50.7 0.33 
Alcohol fraction 2 (A-2)................ 15.2 608 5.0 3.0 
Ammonium sulfate Fraction 1 (AS-1) .. 34.0 340 4.1 8.3 
2 (AS-2) .. 28.4 170 1.9 15.0 
TABLE II 
Requirements for Exchange of P3*P3? with ATP 
Components P22P3? incorporated into ATP 
pmole 
0.03 


The conditions were the same as those described for the assay of the enzyme. 
50 y of enzyme Fraction AS-1, specific activity 7.5, were used. 


Fraction AS-2 lost about 30 per cent of its initial activity in 1 week when 
stored at —15°. In all of the experiments reported here, Fraction AS-1, 
which was more stable, was used. Fraction AS-1 still contained some 
ATP-splitting activity but no detectable inorganic pyrophosphatase (17) 
or adenylic kinase (19). 

Requirements for PP-ATP Exchange—In the crude yeast extract there 


was little or no increase in the rate of the exchange reaction upon the ad- : 


dition of methionine. With the purified fractions (Ammonium sulfate, 
Fractions 1 and 2) little or no exchange of PP and ATP occurred unless 
L-methionine and Mg*t+ were added (Table II). Most preparations of the 
enzyme still contained some activity in the absence of added methionine, 
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but this rarely exceeded 10 per cent of the rate obtained in the presence of 
optimal amounts of methionine. 

The amount of methionine necessary to promote the maximal rate of 
exchange was 1 X 10~‘ M, and for half maximal rate it was 1 X 10-° M 
(Table III). It might be pointed out that this procedure offers a relatively 
simple and rapid method for detecting and determining small amounts of 
L-methionine. 

Specificity of L-Methionine Requirement—Of the naturally occurring 
amino acids, only methionine catalyzed a significant amount of exchange 
of P2P2 and ATP with Fraction AS-1 (Table IV). Other amino acids 
alone or in various combinations gave values no higher than the control 


TaBLeE III 


Effect of u-Methionine Concentration on Rate of PP-ATP Exchange Reaction 


Concentration of t-methionine P22P2? incorporated into ATP 


104 pmole 


© 


The conditions were the same as those described for the assay of the enzyme. 50 
y of enzyme Fraction AS-1, specific activity 7.5, were used. 


with nothing added. Furthermore, other amino acids, alone or in combi- 
nation, did not inhibit the methionine-activated exchange. The require- 
ment for methionine was found to be specific for the Lform. p-Methionine 
was inactive, and did not inhibit the effect of L-methionine when both were 
present at equal concentrations (1 XK 10-*m). Methionine sulfoxide, me- 
thionine sulfone, and homocystine were also inactive. The only other 
amino acid which has been found to promote the exchange reaction was 
bL-ethionine, but, because extremely small amounts of methionine are ac- 
tive, the exchange found with ethionine may be due to contamination with 
methionine. 

Formation of Methionine Hydroxamic Acid—Because the methionine-ac- 
tivated PP-ATP exchange reaction appeared to be somewhat analogous to 
the acetate-dependent exchange reaction by aceto-CoA-kinase (3, 4), ex- 
periments were carried out to detect the enzymatic formation of methionine 
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hydroxamate in the presence of hydroxylamine. Incubation of ATP, me. 
thionine, Mg++, hydroxylamine, and the enzyme resulted in the formation 
of equivalent amounts of methionine hydroxamic acid, A5P, and pp 
when the values in the absence of methionine were subtracted (Table 
V). Under these conditions, there was an almost linear rate of methionine 


TABLE IV 
Effect of Various Amino Acids on PP-ATP Exchange 
Amino acid P32P3? incorporated into ATP 

pmole 

t-Methionine............... 1 0.13 
L-Tryptophan.............. 0.01 
................ xe 0.01 
u-Histidine................. 0.02 
L-Glutamic acid............ 0.01 
L-Isoleucine................ 0.01 
t-Phenylalanine............ 0.01 
L-Threonine................ 0.02 
pL-Homocysteine........... 0.01 
L-Tyrosine.............. 1 x 1073“ 0.02 
t-Methionine............... 1.5 X 10-3 0.41 
p-Methionine............... 0.05 
0.04 
pL-Ethionine............... 3 0.12 


Both experiments were carried out as described for the usual assay procedure. : 
In the first experiment, 12 y of enzyme Fraction AS-1, specific activity 10, were used, | 


and in the second experiment 50 7 of Fraction AS-1, specific activity 7.5. 


hydroxamic acid and PP formation. However, this rate decreased rapidly 


after 60 minutes and was not restored by the addition of more ATP and © 


methionine. The reason for this is not clear. 


When the enzyme, ATP, Mgt+, or methionine was omitted, there was 


no significant formation of methionine hydroxamic acid above that ob- 
served in the absence of methionine. The absorption spectrum of the 
enzymatically produced methionine hydroxamate in the presence of ferne 
chloride at acid pH was characteristic of acyl hydroxamic acids. This 
spectrum exhibited a broad maximum between 495 and 510 mu. 
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Nature of Reaction of ATP and Methionine—Two possible interpretations 
of the mechanism of the reaction were considered. In the first, ATP and 
methionine react to form a methionine pyrophosphate compound which 
ean subsequently exchange the bound pyrophosphate group for free P?P® 
(Reactions 4 and 5). In the second, the products formed are adenyl me- 


TABLE V 


Enzymatic Formation of Methionine Hydrozamate, A6P, and PP from ATP, 
Methionine, and Hydrorylamine 


The values are in micromoles per ml. 


| Methio- 
Experiment Time | Additions ASP nine hy- A* 
No. | | droxamate 
min. 
1 30 Complete 1.47 | +1.33 1.24 +1.19 
60 2.17 | +1.90} 2.00 | +1.93 
30 No methionine 0.14 0.05 
60 " 0.27 0.07 
2 30 Complete 1.79 | +1.63 | 1.81 | +1.72 | 0.97 +0.88 
—— 30 No methionine | 0.95 | +0.79 | 0.99 | +0.90 0.09 0.00 


*The difference was calculated by subtracting the values obtained in the ab- 
sence of either methione or ATP. 

Experiment 1. The reaction mixture (1.0 ml.) contained 0.10 mM Tris buffer, pH 
8.0, 0.005 m MgCl2, 0.011 m ATP, 0.01 m L-methionine, 2.5 m hydroxylamine, and 1.2 
mg. of Fraction AS-1, specific activity 12.1. After incubation at 37°, aliquots were 
removed for measurement of methionine hydroxamic acid formation as previously 
described, and PP was determined after conversion to inorganic phosphate with in- 
organic pyrophosphatase. Experiment 2. The reaction mixture (1.15 ml.) con- 
tained 0.09 m Tris buffer, pH 8.0, 0.004 m MgCl:, 0.011 m ATP* containing 5400 c.p.m. 
per pmole, 0.01 m L-methionine, 2.2 m hydroxylamine, and 1.2 mg. of Fraction AS-1, 
specific activity 11.4. After incubation at 37°, aliquots were measured for methio- 
nine hydroxamate as described previously. One series of aliquots was acidified 
and treated with Norit (4), and the PP was calculated from the P*? in the nucleo- 
tide-free supernatant fluid. Separate aliquots were chromatographed on Dowex 
1 to separate the A5P, and the total amount of A5P was determined from the op- 
tical density at 260 mu. 


thionine and free PP (Reaction 6), which by reversal of the reaction con- 
verts to ATP®, 


(4) ATP + .t-methionine — t-methionine-PP + A5P 
(5) L-Methionine-PP + P3?P22 = + PP 
(6) ATP + .L-methionine adeny! t-methionine + PP 


To distinguish between these two possibilities, the exchange of A5P-C¥ 
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and ATP was studied, By mechanism (1), ASP-C' should exchange with 
A'TP at least as rapidly as does P’P”, and this should require L-methionine 
By mechanisn (2), there should be no exchange. It was found (‘Table Vp) 


VI 
of and ATP 


Specific activity of compound isolated 


ASP* | ATP* 
c.p.m. per pmole C.p.m. per wh 
Complete... 15,000 < 100 
No methionine... 15,500 | < 100 


* No correction for the self-absorption due to the salt of the eluate was made. 

The reaction mixture contained in 1 ml. of 0.14 m Tris buffer, pH 8.0, 0.005 y 
MgCl, 0.001 m ATP, 0.001 m containing 2.25 104 c.p.m. per umole, and 17 
y of Fraction AS-1, specific activity 6.7. Time 30 minutes; temperature 37°. At 
the end of the incubation, A5P and ATP were separated by anion exchange chroma- 
tography (14) and the radioactivity of an aliquot of the eluate from the peak tube 
was determined. 


TABLE VII 
Formation of PP from ATP 
| Pe incorporated into PP ips incorporated into ATP 
Labeled substrate | Time A A 
| Plus | Minus Plus = Minus | 
_ methionine methionine | methionine methionine 
min. pmole pmole umole 
ARPP#Pps 15 | 0.099 | 0.028 | +0.071 
30 | 0.191 | 0.060 | +0.131 : 
pps 15 0.089 | 0.016 | +0.073 
30 0.157 | 0.020 | +0.137 


The reaction mixture contained, in 1 ml., 0.16 mM Tris buffer, pH 8.0; 0.005 m MgCl:; : 
0.001 m ATP or ATP®? (ARPP*?P??) containing 4.35 X 10‘ c.p.m. per umole; 0.005 ML- | 
methionine; 0.001 m PP or P*?P22 containing 3.28 X 104c.p.m. per umole; 15 of Frac- 


tion AS-1, specific activity 4.8. Temperature 37°. P*? incorporated into ATP was 
determined as in the usual assay procedure and P*? into PP was measured in the su- 
pernatant fluid after adsorption of the ATP*? with Norit. 


that there was little or no incorporation of A5P-C™ into ATP either in the | 


presence or absence of L-methionine. Ina comparable experiment in whieh 
1 umole of P#P*? replaced the A5P-C", there was an incorporation of 0.22 
umole of PP into ATP, or about 44 per cent of the maximal exchange po- 
sible. This evidence would then appear to exclude the first hypothesis 
shown in Reactions 4 and 5. 
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several attempts have been made to demonstrate a net formation of 
PP from ATP in the presence of t-methionine and in the absence of hy- 
droxylamine, but these have been unsuccessful to date. ATP labeled with 
p? in the pyrophosphate group was incubated with the enzyme, Mgtt, 
and inorganic pyrophosphatase in the presence and absence of L-methi- 
onine and P® inorganic phosphate was measured in the Norit-non-adsorb- 
able fraction. There was no significant difference in the amount of P*® 
liberated in the presence or absence of L-methionine. However, if in place 
of the inorganic pyrophosphatase a pool of unlabeled PP was added, con- 
siderable radioactivity from the ATP was trapped in the PP and could be 
determined in the Norit-non-adsorbable fraction (Table VII). The pyro- 
phosphate liberated was equivalent to the amount of P*P® incorporated 
into ATP in a parallel experiment with P#P* and unlabeled ATP. 

Thus it is clear that, while the enzyme catalyzes the formation of free 
PP, the reaction does not appear to proceed very far in this direction. 
Whether this is due to the formation of an enzyme-bound, adenyl methi- 
onine compound, as had been previously suggested (5, 7), remains to be 
established. 


DISCUSSION 


The results obtained in the present work with L-methionine show certain 
similarities to those obtained with the acetate-activating system (aceto- 
CoA-kinase) from yeast. In both there is a reaction of ATP with a com- 
pound containing an acyl group, which results in the exchange of the pyro- 
phosphoryl group of ATP with free PP. The ASP moiety of the ATP 
remains in a ‘“‘bound”’ form; that is, not exchangeable with free A5P. 
Furthermore, in both systems the formation of any product of the reaction, 
except by exchange reactions or by the use of high concentrations of hy- 
droxylamine, has not been demonstrated. The formation of methionine 
hydroxamate suggests that the methionine is linked through the carboxyl 
group, presumably to the phosphate group of A5P. 

One notable difference between the acetate-activating system and the 
present reaction with methionine is the subsequent transfer of the acetyl 
group to an acceptor (CoA). This poses the question of what is the nat- 
ural acceptor of the methionine moiety. Several attempts were made to 
detect an acceptor in crude yeast extracts by measuring PP liberation from 
ATP in the presence of the enzyme, methionine, and crude yeast fractions. 
There was, however, no formation of PP which could not be accounted for 
by the activity in the crude extracts of ATPase. Hoagland et al. (7) have 
suggested the possibility that the ‘‘protein-forming site’ functions as the 
acceptor and that the amino acids activated in this way are linked together 
to form the polypeptide structure. Maas (20), in his studies of pantothenic 
acid synthesis, has proposed that an adenyl pantoate derivative is formed 
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from A’TP and pantoic acid and that the pantoyl group is transferred y 
the acceptor amine f-alanine, ‘The question of whether adeny! amino aed | 
are enzymatically utilized for protein formation in the absence of an energy | 
source requires further work, however, 


BUMMARY 


An enzyme has been isolated from yeast which catalyzes an t-methi. | 
onine-dependent exchange of P®P®? with ATP. p-Methionine and othe 
amino acids alone or in combination do not replace the function of t-me. 
thionine. In the presence of ATP, L-methionine hydroxylamine, and the 
enzyme, there is a net formation of methionine hydroxamic acid, A5P 
and PP. This, plus the fact that A5P-C' does not exchange with ATP, } 
suggests that: the PP-ATP exchange can be accounted for by the following 
reaction: 


ATP + t-methionine = adenyl L-methionine + PP 
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BACTERIAL CYTOCHROMES 


1 CYTOCHROME, COMPOSITION OF MICROCOCCUS DENTTRIFICANS 
AND PSEUDOMONAS DENITRIFICANS* 


By LEO VERNON 


(From the Department of Chemistry and Chemical Engineering Science, 
Brigham Young University, Provo, Utah) 


(Received for publication, February 7, 1956) 


Although the presence of cytochromes in bacteria has been shown by 
spectroscopic investigations on whole cells, only recently have individual 
bacterial cytochromes been isolated and characterized in a free state. 
A cytochrome c was isolated from Rhodospirillum rubrum and Rhodo- 
pseudomonas speroides by Vernon and Kamen (1) and was found to func- 
tion in both the dark respiration and photometabolism (2). Other photo- 
synthetic bacteria also have yielded cytochromes of the c type (3, 4). 
Two denitrifying bacteria have been shown to contain soluble cytochromes 
of the c type (4), and a low potential cytochrome designated cytochrome 
c; has been extensively purified from Desulfovibrio desulfuricans by Postgate 
(5). Egami et al. (6) have described a soluble cytochrome isolated from a 
halotolerant bacterium, which they call cytochrome ly, but it 1s question- 
able whether it should be classified with the b cytochromes. 

Sato and Egami (7) have claimed a rdle in nitrate reduction for cyto- 
chrome b; from Escherichia coli, since nitrate reductase activity generally 
paralleled cytochrome content during purification, but later studies revealed 
less similarity between enzyme activity and cytochrome behavior (8). 
The present investigation of the cytochrome composition of Micrococcus 
demtrificans and Pseudomonas denitrificans, two bacteria capable of per- 
forming true dissimilatory nitrate reduction (9), shows the presence of 
soluble b and c cytochromes in both bacteria. The b cytochromes were 
oxidized by nitrate, both in the purified fractions and in the intact cell. 
There is evidence that M. denitrificans cells also contain cytochrome ¢, 
the cytochrome described by Yakushiji and Okunuki (10) and Keilin and 
Hartree (11). 


Methods 


Bacterial Cultures—P. denitrificans cells were grown anaerobically in 20 
liter bottles in a medium containing, per liter, 8.5 gm. of sodium acetate, 
*This investigation was supported by a research grant (No. E-917C) from the 


National Microbiological Institute, National Institutes of Health, United States 
Public Health Service. 
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10 gm, of KNOs, 2 gm. of yeast extract, 4 gm, of peptone, and 3 gm, ¢ 
KH,PO,, After dissolving the ingredients in tap water, the pH wag ad. 


justed to 7.2, M, denitrificans wan grown anaerobically in 20 liter bottly 


in a medium contaming, per liter, 10 gm, of 20 pin, of KNO, 


2 gin, of yeast extract, and 4 gin, of peptone, The was adjunted 
6.8, and, after sterilization, 12 ml, of sterile 80 per cent glucose were added 
for each liter of solution, ‘The cells of both species were harvested afte 


5 days growth. 


Bacterial E-xtracts—Two methods were used for preparation of bacterial . 


extracts. Cells of both species could be ruptured by adding alumina (Aloog 
Alumina A-301) to a paste, freezing the mixture, and grinding as the paste | 
was thawing. Repetition of the freezing, thawing, and grinding thre | 


times resulted in good rupture of the cells. The paste was extracted with 
400 ml. of 0.05 m phosphate buffer, pH 7.0, for each 100 gm., wet weight, o 
original cells. Alternatively, extracts were prepared by drying the har. 
vested cells with a fan, grinding the dried mass in a mortar, and extract- 
ing the powdered, dried cells with 150 ml. of 0.05 m phosphate buffer, 
pH 7.0, for each 10 gm., dry weight, of cells. The dried cells yielded 
extracts that were not as rich in cytochromes as were the extracts made 
by grinding with alumina, but the former were less viscous and conse. 
quently easier to fractionate. All optical measurements were carried out 
with a Beckman DU spectrophotometer. 


Results 


Fractionation of M. denitrificans Extract. Fraction 1—Starting with 
400 ml. of an extract prepared by grinding with alumina, the fraction 
which precipitated between 20 and 40 gm. of ammonium sulfate per 10 
ml. was separated by centrifugation and dissolved in 50 ml. of 0.04 
phosphate buffer, pH 7.0. The supernatant fluid was saved for purif- 
cation of the cytochrome c. 


Fraction 2—To Fraction 1 was added, with stirring, 10 per cent trichloro | 
acetic acid to pH 5.4. The precipitate was removed by centrifugation and 


the supernatant fluid neutralized to pH 6.0. The material which pre 
cipitated between 25 and 35 gm. of ammonium sulfate per 100 ml. was 
collected as above and dissolved in 30 ml. of buffer. 

Fraction 3—An equal volume of calcium phosphate gel (15 mg. per ml.) 
was added to Fraction 2 and centrifuged after 5 minutes. Elution of 


protein from the gel was accomplished first with 20 ml. of 0.1 m phosphate | 
buffer, pH 7.0, and the eluate was discarded. Elution was then carried 5 
out with 20 ml. of 1 m phosphate buffer, pH 7.0, and the eluate dialyzed 


for 3 hours against 0.02 m phosphate buffer, pH 7.0. 


Fractions 4 and 6—Fraction 3 was fractionated again with ammonium _ 
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sulfate, ‘The material which precipitated between 25 and 35 gm, of am- 


monium sulfate per LOO ml, constituted Fraction 4, The gel adsorption 
and ammonium sulfate precipitation were then repeated to obtain Fraction 


 §, which contained the purified b cytochrome, ‘Thin fraction was purer 


qpectroncopically than Mraction 4, but there was conmderable lows of 
terial on the gel, 


The cytochrome ¢ of M. denitrificans wasobtained by further fractionation 


of the supernatant fluid from Fraction 1, according to the procedure for 
purification of A, rubrum cytochrome ¢ (1), 


Fractionation of P. denitrificans Extract. Fraction 1—40 gm. of air- 


dried cells were extracted with 600 ml. of 0.05 m phosphate, pH 7.0. The 
~ fraction precipitating between 20 and 40 gm. of ammonium sulfate per 
100 ml. was collected by centrifugation and dissolved in 40 ml. of 0.05 m 
- phosphate buffer, pH 7.0, which constituted Fraction 1. The super- 
natant fluid was saved for purification of the c cytochrome. 


Fraction 2—The pH of Fraction 1 was adjusted to 4.5 with 10 per cent 


| acetic acid. The precipitate was separated by centrifugation and dissolved 
jn 20 ml. of 0.05 m phosphate buffer solution, pH 7.0. 


Fraction 8—30 ml. of calcium phosphate gel were added to Fraction 2. 
After centrifugation, the gel was treated with 0.1 m phosphate buffer, pH 


70, and the eluate discarded. ‘The gel was next treated with 20 ml. of 
iM phosphate buffer, pH 7.0, and the eluate dialyzed against 0.02 m 
phosphate buffer, pH 7.0, for 3 hours. 


Fraction 4—Fraction 3 was again fractionated with ammonium sulfate, 
and the precipitate which appeared between 20 and 30 gm. of salt per 100 
ml. was collected by centrifugation and dissolved in 10 ml. of 0.05 m 
phosphate buffer, pH 7.0. 7 

Fraction 5—Further purification was achieved by repeating the gel ad- 
sorption, with 10 ml. of calcium phosphate gel for the adsorption, and by 
eluting with 1 m phosphate buffer. This fraction contained the purified 
b cytochrome. 

The cytochrome c from P. denitrificans was purified by further fraction- 
ation of the supernatant fluid from Fraction 1, according to the methods 
given for R. rubrum (1). 

Cytochromes of Type c—Fig. 1 presents the absorption spectra of the c 
cytochromes purified during this research. Spectroscopically, the cyto- 
chrome c of M. denitrificans is similar to mammalian cytochrome c, with 
absorption maxima at 550, 522, and 416 my. Cytochrome c of P. denitrifi- 


_ cans has its maxima displaced slightly toward longer wave lengths, that is, 
_ to551 to 552, 523, and 417 mp. These cytochromes also resemble mam- 


malian cytochrome c in their behavior during purification procedures and 


: in their ability to form the same pyridine and cyanide hemochromogens 
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(4). Furthermore, they seem to function in the bacteria in a manner con, 
pletely analogous to cytochrome c in mammalian tissue. Thus, extracts 
of each bacterium catalyzed a cyanide-sensitive oxidation of its own reduced 
cytochrome, and the oxidized cytochromes were reduced by both suceinat 
and reduced diphosphopyridine nucleotide (DPNH) in the presence of ay 
extract of the corresponding bacterium, 

Cytochromes of Type b-— During purification procedures designed to 
late the e cytochromes, the presence of another cytochrome was indicated 
hy the fact that low ammonium sulfate fractions had nbaorplion 
inconsistent with that of the ¢ cytochrome, with the maxima being ahifted 
toward longer wave lengths. When calcium phosphate gel was used to ab. 
sorb the protein from such fractions, this cytochrome component. was 


WAVE LENGTH, MU 


Fic. 1. Absorption spectra of reduced c cytochromes. Dashed line, purified ¥. 
denitrificans cytochrome c; solid line, purified P. denitrificans cytochrome c. 


shown to be easily absorbed on the gel, and could be eluted only with 
strong buffer. By combining ammonium sulfate and gel fractionation, E 


the component was purified from extracts of both organisms. 


The extract from M. denitrificans proved more amenable to purification : 


consistently yielding preparations that were more pure spectroscopically | 
than comparable fractions from P. denitrificans, but both b cytochromes | 
had the same absorption maxima in purified preparations. Since the orig: | 
nal extracts of both bacteria were extremely viscous, protamine sulfate | 
was added to precipitate nucleic acid. This resulted in some clearing of © 
the extract, but did not greatly facilitate purification. The viscous mate | 
rial was readily precipitated by either acetone or alcohol in the cold, and © 
by lowering the pH below 6. The b cytochromes were also precipitated by 


the agents listed above, but could not be recovered from either the al- 
cohol or acetone precipitates. 


Fig. 2 presents the absorption spectra of the cytochrome isolated from © 
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WV. denitrificans. The absorption maxima in the reduced form are located 
at 559, 528, and 426 my, while the oxidized form exhibits a broad maximum 
at 525 to 530 my and a Soret peak at 415 my. The cytochrome purified 
from P. denitrificans was similar in all respects, From the absorption spec- 
ium of the cytochrome, it is apparent that it is a b cytochrome, Pyri- 
dine and cyanide hemochromogens of a purified sample of the Al, denitri- 
jcans cytochrome were prepared in 0,1 N sodium hydroxide, with the 
reduced forma giving the absorption maxima indicated in ‘Table ‘Phene 
data identify the eytochrome as ab cytochrome with protohematin (12) 
ai the prosthetic group. Since the absorption spectrum of the reduced 
cytochrome most closely resembles that of cytochrome by, and since it 
resembles 1, coli eytochrome by in its ability to be oxidized by nitrate, the 
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Fic. 2. Absorption spectra of cytochrome b; from M. denitrificans, purified to 
Fraction 5. Solid line, reduced form; dashed line, oxidized form. 


cytochrome will be called MM. denitrificans cytochrome bh; (or P. denttri- 
ficans cytochrome b;, depending upon the origin). 

As obtained in the fractions during purification, and in the original ex- 
tracts, both b: cytochromes were present in the oxidized form. Following 
reduction with hydrosulfite, both cytochromes were again oxidized by 
shaking in air, in the presence of cyanide, indicating a direct oxidation by 
oxygen. The potentials of the cytochromes have not been determined, but 
indications point to values lower than that of cytochrome c, since they 
could not be reduced by either ferrocyanide or ascorbic acid. Addition 
of cyanide to solutions of the cytochromes did not alter the absorption 
maxima of either the oxidized or reduced forms. This agrees with the 
general behavior of the b cytochromes, since they are low potential cyto- 
ga that react directly with oxygen, but do not combine with cyanide 
12). 

It is possible that the cytochromes were denatured during the purifica- 
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tion procedure, particularly during the step involving low pH. However, 
the similarity of the initial extracts and the purified fractions, with regard 
to ease of cytochrome oxidation in the air and other properties, makes 
this unlikely. 

Zone electrophoresis on starch according to the directions of Raacke and 
Li (13) of an M. denitrificans preparation purified through Fraction 4 
resulted in movement of cytochrome b: toward the anode. When 0.1 » 
acetate buffer at pH 7.0 was used and the electrophoresis was conducted 
for 12 hours at 200 volts and 30 ma., the cytochrome bh; band traveled 3 
cm. toward the anode. This indicates a negative charge for the protein, 
and, as expected, the cytochrome was not absorbed on Amberlite IRC-50 
cation exchange resin at pH 5 to 7. 

To ascribe a function for cytochrome b; in electron transport, it was 
necessary to demonstrate its reduction and oxidation by various physiolog- 
ical agents. With use of a cuvette joined to a Thunberg tube by means 


TABLE 


Absorption Maxima of Reduced Cytochrome b, of M. denitrificans 
and Reduced Hemochromogens 


Compound | Absorption maxima, my 
| 
Cytochrome b).................... | 559 | 528 | 426 
Cyanide hemochromogen.......... | 562 | 530 | 425 
Pyridine | 558 525 423 


of a ground glass joint, a system containing 2.5 ml. of an M. denitrificans 
preparation, purified to Fraction 4, and 0.2 ml. of the original extract was 
evacuated with a vacuum pump for 2 minutes. After the evacuation, the 
rate of reduction of the cytochrome by either succinate_or DPNH tipped 
in from the side arm was determined spectrophotometrically. With 
DPNH, the cytochrome exhibited the reduced spectrum within less than 
1 minute; with succinate, reduction became prominent only after several 
minutes. ‘Thus the cytochrome functions more efficiently in electron trans- 
port from DPNH when compared with the succinate system. 

The effect of adding nitrate to reduced b; cytochromes was tested in the 
modified Thunberg tube. The difference spectra obtained for plus and 
minus nitrate are shown in Fig. 3. Although there was an oxidation of 
both b; cytochromes by nitrate, this experiment does not establish whether 
the oxidation was direct or through other compounds. 

Experiments conducted in a similar manner, but with intact cells, gave 
difference spectra which correspond to the difference spectrum of the puri 
fied cytochrome, ‘This confirms the experiments, conducted by R. Sato; 


1R. Sato, personal communication. 
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in which the difference spectrum of anaerobic M. denitrificans cells with and 
without nitrate was determined. The difference spectrum corresponds to 
that of M. denitrificans cytochrome b;. Thus, in the intact organism, the 
oxidation-reduction level of the cytochrome is shifted in the direction of 
oxidation when nitrate is supplied as an electron acceptor. 

Sacks (14) noted that cell-free extracts of P. denitrificans show absorp- 
tion peaks at 552 and 522 my. In intact cell suspensions these peaks 
disappeared upon aeration and appeared when oxygen was removed. Be- 
cause the bands also disappeared when nitrite or nitrate was supplied to 
the medium, the cytochrome responsible for the band at 552 my was as- 
sumed to function in nitrate reduction. Since the absorption peaks noted 
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Fia. 3. Difference spectra of reduced cytochrome 0; preparations with and with- 
out nitrate. Two cuvettes containing identical cytochrome b; preparations reduced 
with hydrosulfite were made anaerobic by evacuation, after which solid KNO; was 
added from the side arm of an attached Thunberg tube. The curves were obtained 
after 2 minutes by balancing the spectrophotometer against the cuvette containing 
nitrate. Dashed line, M. denitrificans; solid line, P. denitrificans. 


for the cell-free extract can be attributed to the cytochrome c in that 
organism, the effect of adding nitrate to a purified sample of reduced P. 
denitrificans cytochrome c was determined. No oxidation of the cyto- 
chrome was observed after several minutes. Under similar conditions, the 
P. denitrificans cytochrome b; was immediately oxidized by nitrate. Thus, 
it would appear that the change in oxidation-reduction level of the ¢ cyto- 
chrome observed by Sacks was a secondary effect. 

Both of the denitrifying bacteria used in these experiments have a reg- 
ular, cyanide-sensitive cytochrome oxidase and a_cyanide-insensitive 
DPNH oxidase. The possibility that cytochrome 6, was serving as the 
cyanide-insensitive DPN H oxidase was rejected because the oxidase activ- 
ity did not parallel cytochrome b, content in the various fractions during 
the purification procedure. 

During the fractionation of the ¢ cytochrome, some M, denitrificans 
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fractions gave absorption spectra with a maximum in the general area of 
552 mu. As the cytochrome c was purified from these fractions, the lo 
cation of the absorption maximum decreased from about 552 my down to 
the final value. This indicates the presence of yet another cytochrome 
component, which may be cytochrome c;, whose presence and purification 
from another bacterial species are described in Paper II of this series. 


DISCUSSION 


With the accelerated research being carried on with cytochromes of bac- 
terial origin, the classification of cytochromes becomes more difficult. It 
becomes more apparent that the designation of a new cytochrome should 
not be made because of small differences in location of absorption bands, but 
should be reserved for cytochromes which differ appreciably in other phys- 
ical properties and in function, with the prime importance being placed on 
function. This would negate a special classification for each cytochrome 
isolated from a different organism, and makes it important to investigate 
a cytochrome with regard to physical properties and function, before des- 
ignating it as a new cytochrome. 

Sato and Egami have implicated cytochrome b, (called cytochrome b by 
them) in nitrate reductase from E. colt, since nitrate reductase activity and 
cytochrome b; content are roughly parallel in crude fractions and the ad- 
dition of nitrate causes an oxidation of the cytochrome (7). The cyto- 
chrome from £. coli may be the same as the b cytochromes described in 
this investigation, with the difference in absorption maxima (560 my for 
the a band of £. coli cytochrome b;, as compared to 559 my for the cyto- 
chromes described above) being due to either a bacterial specificity or 
difference in degree of purification. To date, cytochrome b; has desig- 
nated those cytochromes whose a band appears at 560 muy, and in practi- 
cally all cases refers to cytochromes detected in intact bacteria by spec- 
troscopic methods. In spite of the fact that, except in the case of E. colt, 
there is no information concerning the physical properties and function of 
cytochrome b, in the various bacterial species containing it, in the interests 
of simplification of cytochrome nomenclature, and because of its similar- 
ity to the cytochrome from £. coli (7), it is best to consider the b cyto- 
chromes described in this investigation as cytochrome )y. 

Cytochrome b;, a plant cytochrome (15) with an absorption maximum 
at 559.7 my, is spectroscopically similar to the bacterial cytochrome de- 
scribed above, but differs in behavior during ammonium sulfate fractiona- 
tion, Whereas cytochrome b; is not precipitated until saturation with 
ammonium sulfate is reached, the M. denitrificans and P. denitrificans 
cytochromes are precipitated at relatively low ammonium sulfate concen: 
trations. The b cytochromes described in this investigation resemble cyto 
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chrome b; (16) in that both are reduced faster by DPNH than by succinate, 
but cytochrome b; functions in cyanide-insensitive electron transport from 
DPNH to oxygen. This fact, coupled with the difference in absorption 
spectra, differentiates cytochrome b; from the b cytochromes under con- 
sideration. 


SUMMARY 

1. Soluble cytochromes have been obtained from extracts of. Micrococcus 
denitrificans and Pseudomonas denitrificans, and have been extensively pu- 
ried. Both organisms contain a cytochrome of the c type, with absorp- 
tion maxima at 550, 522, and 416 muy for the former, and 551 to 552, 523, 
and 417 my for the latter organism. In both cases the cytochrome func- 
tions in a manner analogous to its mammalian counterpart in mammalian 
respiration. 

2. Both organisms contain a cytochrome of the b type, which is consid- 
ered to be cytochrome b;._ The cytochromes from both bacteria were very 
similar, both having absorption maxima at 559, 528, and 426 mu. Pyri- 
dine and cyanide hemochromogens show protohematin to be the prosthetic 
group. 

3. Cytochrome 0; in purified fractions was oxidized directly by oxygen, 
but did not combine with cyanide. Preliminary experiments indicate a 
low potential for the cytochrome. 

4, During zone electrophoresis on starch, cytochrome b; migrated slowly 
toward the anode, at pH 7, indicating a negative charge on the protein. 

5. In the presence of an extract from bacterial cells, purified prepara- 
tions of cytochrome 6; were reduced rapidly by reduced diphosphopyridine 
nucleotide under anaerobic conditions. Reduction by succinate was slow. 

6. Reduced cytochrome b; was rapidly oxidized by nitrate both in intact 
cells and by purified fractions. This suggests that cytochrome b; trans- 
ports electrons for nitrate reduction. 
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BACTERIAL CYTOCHROMES 


II. CYTOCHROME COMPOSITION OF AN UNIDENTIFIED 
PSEUDOMONAD CAPABLE OF REDUCING NITRATE* 


By LEO P. VERNON 


(From the Department of Chemistry and Chemical Engineering Science, 
Brigham Young University, Provo, Utah) 


(Received for publication, February 7, 1956) 


During an earlier investigation into cytochromes present in denitrifying 
bacteria (1), a pseudomonad, isolated by Dr. Paul Berg from an anaerobic 
enrichment culture of succinate and nitrate, was found to have a high cyto- 
chrome content. Spectroscopic investigation of crude extracts revealed a 
typical cytochrome spectrum, with an absorption maximum at 552 mu. 
Subsequent fractionation revealed this absorption band to be the result of 
two individual cytochromes with a bands at 550 and 553 mu (2). This 
investigation associates the former band with a typical cytochrome c and 
the latter with another cytochrome of the c type, which is considered to be 
identical with cytochrome c; (3, 4). 


EXPERIMENTAL 


Methods—The bacteria were grown anaerobically in 20 liter bottles with 
the medium described for Pseudomonas denitrificans (5). The yield was 
about 20 gm. of cells per 50 liters of medium. For aerobic growth the me- 
dium used for Micrococcus denitrificans (5) was utilized with nitrate which 
was decreased to 1 gm. per liter. Good rupture of the cells was obtained 
by grinding with alumina, coupled with freezing and thawing (5), and 
purification of the cytochromes was accomplished by a combination of 
ammonium sulfate precipitation and gel adsorption. All spectrophotomet- 
ric measurements were performed with a Beckman DU spectrophotome- 
ter. 

Fractionation. Fraction 1—Sufficient alumina (Alcoa A-301) was added 
to 100 gm. of cells to form a paste, and the cells were ruptured by repeated 
freezing and manual grinding while the frozen mass was thawing. After 
three freezings, the mass was extracted with 400 ml. of 0.04 m phosphate 
buffer, pH 7.0, The material which precipitated between 15 and 30 gm, 
Of ammonium sulfate per 100 ml, was collected by centrifugation and dis- 
solved in 40 mil, of 0.04 m phosphate buffer, pH 7.0.) The supernatant 
fluid was saved for purification of the cytochrome 


* This investigation was supported by a research grant (No, E9170) from the 
National Microbiological Institute, National Institutes of Health, United States 


Public Health Service, 
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Fraction 2—Fraction 1 was refractionated with ammonium sulfate, and 
the precipitate appearing between 20 and 30 gm. of salt per 100 ml. was 
removed by centrifugation and dissolved in 40 ml. of 0.04 m phosphate 
buffer, pH 7.0. _ 

Fraction 3—60 ml. of calcium phosphate gel containing 15 mg. of calcium 
phosphate per ml. were added to Fraction 2. The supernatant fluid after 
centrifugation was retained. 

Fraction 4—Fraction 3 was refractionated with ammonium sulfate, and 
the fraction which precipitated between 20 and 30 gm. of salt per 100 ml. 
was collected by centrifugation and dissolved in 20 ml. of 0.04 m phos- 
phate buffer, pH 7.0. This fraction contained the purified cytochrome «, 
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Fic. 1. Absorption spectra of reduced bacterial cytochromes. Solid line, cyto- 
chrome c; dashed line, cytochrome c; preparation, purified to Fraction 4. 


Cytochrome c was purified from the supernatant fluid of Fraction 1 by 
conventional methods used for purification of cytochrome c from bacteria 
(6). 

Properties—The absorption spectra of both cytochromes in the reduced 
form are shown in Fig. 1. The spectrum of cytochrome c¢, is for a prepa- 
ration purified to Fraction 4. The general similarity of the two spectra is 
apparent, with the bands for cytochrome c, being shifted a few millimicrons 
toward the red. In the oxidized form, the bacterial cytochrome c had ab- 
sorption bands at 530 and 410 mu, while the corresponding c; maxima were 
at 530 and 409 mz. The absorption spectrum of the original extract 
exhibited peaks intermediate between those of the purified cytochromes, 
and only during purification did the presence of two cytochromes become 
apparent. This emphasizes the danger of ascribing to one particular cyto- 
chrome the absorption maxima determined on whole cells or cell extracts. 

These cytochromes were designated as c cytochromes because of the 
absorption spectra of the cytochromes and their derivative hemochromo-: 
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gens. Table I presents the absorption maxima of the reduced cyanide and 
pyridine hemochromogens formed from the two cytochromes in 0.1 M so- 
dium hydroxide. The values for the bacterial cytochrome c agree with 
those for mammalian cytochrome c and Rhodospirillum rubrum cytochrome 
c (6). The values for the bacterial cytochrome c¢;, differ slightly, but iden- 
tify the porphyrin of that cytochrome as one of the mesoporphyrin type 
also. 

Purified preparations of cytochrome c; were slowly oxidized in the air. 
This behavior was contrary to that of cytochrome c; from heart muscle (3, 
4). However, the heart muscle preparations have not been subjected to 


TABLE I 
Properties of Individual Bacterial Cytochromes 


Cytochrome ¢ Cytochrome ci Cytochrome 6; 
Absorption maxima for re- 
duced form, mu 
Cytochrome 550 520 416/553 523 £419 | 558 425 
Cyanide hemochromogen 554 525 420/556 526 422 
Pyridine 550 520 550 6521 415 
Potential, volts 0.26 Below 0.26 
Migration during electro- | Cathode Anode 
phoresis 
Adsorbed by Amberlite IRC- | No No 
50 
Oxidized by air " Yes Yes 
Function Electron’ trans- | Electron  trans- 
port (DPNH, port (succinate) 
succinate) 


such extensive purification, and the oxidation of the bacterial cytochrome 
¢, by air may be a property acquired by alteration of the original cyto- 
chrome during the purification procedure. 

The potential of the bacterial cytochrome c was determined to be +0.26 
volt at pH 7 by the procedure described previously (6), corresponding in 
this respect to its mammalian analogue. The potential of a partially puri- 
fied preparation of cytochrome c; was previously reported to be +0.27 volt 
at pH 7 (2), but experiments carried out on the most pure fractions ob- 
tained to date indicate a potential in the neighborhood of 0.20 volt. If 
cytochrome c; has been altered enough during the purification procedure 
to allow its oxidation by air, the potential of such a compound would be 
of no significance in relation to the cytochrome in its natural form. 

Zone electrophoresis on starch according to the procedure of Raacke and 
Li (7), with 0.05 m phosphate buffer at pH 7.0, caused a migration of the 


and 
Was 
ate 
um 
ter 
und 
Os- 
C1. 
to- 
DY 
1a 
PU 
a- 
is 
ns 
b- 
re 
ct 
8, 

e 
0- 


1048 BACTERIAL CYTOCHROMES. II 


cytochrome c toward the cathode and a slight migration of the cytochrome 
c, toward the anode. After 18 hours at 200 volts and a current of 30 ma., 
cytochrome c; moved in a broad band toward the anode, with the center 
being approximately 1 cm. from the origin. At the same time, the bac- 
terial cytochrome c moved a distance of 2 cm. toward the cathode, indi- 
cating that at pH 7 the bacterial cytochrome c had a positive charge, while 
the cytochrome c; had a negative charge. Neither of the cytochromes was 
adsorbed on Amberlite IRC-50 ion exchange resin at pH 6, indicating that 
even the bacterial cytochrome c did not carry a strong positive charge at 
this pH. Accordingly, the ion exchange resin which has been used very 
successfully in purifying mammalian cytochrome c (8) could not be used 
in purification of the bacterial cytochrome c. 

Function—The bacterial cytochrome c was found to be readily reduced 
by reduced diphosphopyridine nucleotide (DPNH) in the presence of cya- 
nide and either cytochrome reductase prepared from pig heart (9) or some 
of the original bacterial extract. Reduction was also accomplished with 
succinate as electron donor. When reduced bacterial cytochrome c was 
mixed with some of the bacterial extract, a cyanide-sensitive oxidation of 
the cytochrome occurred. Thus, the bacterial cytochrome can function, in 
a manner analogous to cytochrome c in mammalian tissue, in electron 
transport from pyridine nucleotides and succinate to oxygen. 

The possibility of denaturation of cytochrome c; during purification made 
it desirable to use crude extracts for tests to determine the function of this 
cytochrome. The absorption maximum of the cytochrome a band for 
crude bacterial extracts was at 551 my. Upon addition of cyanide and 
DPNH, the maximum shifted to 550 my, and a shoulder appeared on the 
long wave length side, indicating reduction of cytochrome c under these 
conditions. Subsequent addition of hydrosulfite shifted the maximum to 
552 my, suggesting only partial reduction of the c: component in the 
presence of DPNH and cyanide. In the presence of succinate and cya- 
nide, the absorption maximum of the bacterial extract was shifted to 552 


muy, and addition of hydrosulfite caused no further change. ‘The results of 


these preliminary experiments are consistent with the hypothesis that cyto- 
chrome c; does function somewhere on the succinic oxidase system between 
succinate and cytochrome c (3, 4). 

The level of the two cytochromes in the bacterial cell was affected toa 
marked degree by the growth conditions. Cytochrome c; was predomi- 
nant when the cells were grown anaerobically, being present in amounts 
about twice that of cytochrome c. When the cells were grown in flasks 
with shaking, cytochrome ¢ was the major cytochrome present, 

The calcium phosphate gel used in preparation of Fraction 3 was ex: 
tracted with molar phosphate at pH! 7.0 to obtain a fraction with absorp: 
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tion maxima at 558 and 425 my. There was not a sufficient amount of 
this component to purify further, but the location of the absorption bands, 
coupled with the adsorption behavior on calcium phosphate gel, indicates 
that the phosphate extract of the gel was an impure preparation of the b 
cytochrome described in Paper I (5). This cytochrome would presumably 
function in this organism also in nitrate reduction. 


SUMMARY 


1. Three soluble cytochromes, two of the c and cne of the b type, have 
been found in an unidentified pseudomonad. 

2. One cytochrome, with the properties of cytochrome c, had absorp- 
tion maxima at 550, 520, and 416 mu when reduced, formed c type hemo- 
chromogens, and was capable of functioning in cyanide-sensitive electron 
transport between succinate or DPNH and oxygen. 

3. A cytochrome with the properties of cytochrome c,; had absorption 
maxima at 553, 523, and 419 mu when reduced, formed c type hemochro- 
mogens, and was capable of functioning in electron transport between suc- 
cinate and oxygen. A method for preparing this cytochrome is described. 

4. The third cytochrome had absorption maxima at 558 and 425 mu, 
and was similar to cytochrome b, isolated from Pseudomonas denitrificans 
or Micrococcus denitrificans. 
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5-PHOSPHORIBOSYLAMINE, A PRECURSOR OF 
GLYCINAMIDE RIBOTIDE* 


By DAVID A. GOLDTHWAITt 


(From the Department of Biochemistry, Western Reserve University School of 
Medicine, Cleveland, Ohio) 


(Received for publication, March 21, 1956) 


Glycinamide ribotide, one of the early intermediates in the biosynthesis 
of the purine ring, was isolated originally (1) from a multienzyme system 
capable of synthesizing inosinic acid de novo (2). In previous studies on 
the mechanism of synthesis of glycinamide ribotide (3) the requirement was 
described for ribose-5-phosphate, adenosine triphosphate (ATP),! gluta- 
mine, and glycine as well as the substitution of 5-phosphoribosylpyrophos- 
phate (PRPP) (4) for ribose-5-phosphate and one of the enzyme fractions. 
Evidence was also presented for a reaction between PRPP and glutamine, 
and it was demonstrated that ATP was required t er with PRPP 
glutamine, and glycine for the synthesis of glycina ribotide. The 
present communication describes the chemical synthesis ¥nd some of the 
properties of 5-phosphoribosylamine (PRA) which may he product of 
the reaction between PRPP and glutamine, and which can replace these 
substrates in the biosynthesis of glycinamide ribotide (5). Evidence is 
provided for the following reactions: 


(1) PRPP + glutamine — PRA + glutamic acid + P-O-P 
(2) PRA + glycine + ATP — glycinamide ribotide + ADP + P 
EXPERIMENTAL 

Materials 


a-Ketoglutaramic acid was supplied by Dr. Alton Meister, azaserine was 
obtained from Dr. L. D. Hamilton, and radioactive inorganic pyrophos- 
phate was provided by Mr. J. DeMoss and Dr. G. D. Novelli. The barium 
salt of ribose-5-phosphate was obtained from the Schwartz Laboratories, 
Inc., Mt. Vernon, New York. P*-labeled adenosine-5-phosphate, synthe- 
sized by Dr. G. R. Greenberg by a modification of the procedure of Eg- 


* This work has been supported by grants from Eli Lilly and Company, and the 
American Heart Association. 

t Established Investigator of the American Heart Association. 

‘Abbreviations: ATP, adenosine triphosphate; PRPP, 5-phosphoribosylpyro- 
phosphate; PRA, 5-phosphoribosylamine; ADP, adenosine diphosphate; Tris, tris- 
(hydroxymethyl)aminomethane; R5P, ribose-5-phosphate; HAP, hexosiminic acid 
phosphate; HA, hexosiminic acid; AMP, adenosine monophosphate. 
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gleston (6), was converted to ribose-5-phosphate by hydrolysis with Dowex 
50 (7), and 5-(P**)-phosphoribosylpyrophosphate was synthesized enzy- 
matically and isolated from a Dowex 1 column as a concentrated solution 
by a slight modification of the procedure of Kornberg et al. (4). Glycine- 
1-C'* was synthesized by the procedure of Sakami e¢ al. (8). Totally 
labeled C'*-glutamic acid (9) was provided by Dr. M. Patwardan. 

A solution of approximately 5 m salt-free hydroxylamine was prepared 
by dissolving 16.42 gm. of (NH2OH)2SO, in 50 ml. of water and adding 
31.55 gm. of solid Ba(OH).2-8H:0 slowly with stirring. The mixture was 
centrifuged and the supernatant solution was adjusted to pH 7.6 with 2 to 
3 ml. of 1 Nn HCL. This was lyophilized to reduce the final volume to 20 


TaBLeE I 
Purification of PRPP-Glutamine Reaction 


Fraction Total units* Specific activity 
pmoles pmole per mg. per 20 min. 
Ethanol, 0-20%... .m..........-. 1760 0.088 
20-50%. 0 0 
Heat 50°, 5 min.. 9 ........... 1700 0.085 
(NH,)2SOx, 420 0.062 


The reaction vessels contained 0.34 umole of PRPP, 5 umoles of glutamine, 2.5 
umoles of MgCl:, 20 umoles of Tris buffer, pH 8.0, and 0.02 ml. of inorganic pyrophos- 
phatase in a final volume of 0.5 ml. The mixture was incubated at 38° for 20 min- 


utes. 
* Total units for (NH,)2SO, fractionation have been calculated back to the equiv- 


alent of 450 ml. of the acid supernatant fraction. Total units represented PRPP 
utilized in the presence of glutamine and were measured by the appearance of inor- 
ganic phosphate. 


ml. The glycine hydroxamic acid used as a standard was provided by Dr. 
G. D. Novelli. | 

Enzyme Preparations—The preparation of pigeon liver acetone powder 
(10) and the fractionation of the acetone powder extract at pH 5.5 into an 
“acid supernatant fraction” and an “acid precipitate fraction’ (3) have 
been described. The acid supernatant fraction was capable of synthesizing 
glycinamide ribotide when PRPP, glutamine, glycine, and ATP were 
added. This synthesis also occurred in a 0 to 20 per cent alcohol fraction 
of the acid supernatant fluid. 

A partial purification of the enzyme which carried out the PRPP-gluta- 
mine reaction is outlined below and in Table I. To 450 ml. of the acid 
supernatant fraction, pH 5.3, 112 ml. of absolute ethanol (—40°) were 
added, while the temperature of the mixture was gradually lowered to 
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—8°. After centrifugation, the precipitate (0 to 20 per cent fraction) was 
taken up in 75 ml. of 0.05 m Tris buffer, pH 8.0. To the supernatant solu- 
tion, 338 ml. of ethanol were added, while the temperature of the solution 
was lowered to —20°. After centrifugation, the precipitate (20 to 50 per 
cent fraction) was dissolved in the same volume and molarity of Tris buf- 
fer. These fractions were then lyophilized and stored at —13°. 230 mg. 
of the lyophilized 0 to 20 per cent fraction were dissolved in 10 ml. of water, 
heated at 50° for 5 minutes, and cooled to 0°. To 8.7 ml. of this solution, 
3.72 ml. of saturated ammonium sulfate solution were added (71.5 gm. of 
ammonium sulfate plus 100 ml. of water adjusted to pH 7.0 with a few 
drops of NaOH). After centrifugation, the precipitate was dissolved in 
4.0 ml. of 0.05 m Tris buffer, pH 8.0, and dialyzed against 2000 ml. of 0.05 
m Tris, pH 8.0, for 4 hours. The original acid supernatant fraction showed 
considerable phosphate liberation from PRPP without addition of gluta- 
mine, which appeared to be due to free glutamine in the preparation. The 
inorganic pyrophosphatase activity of the 0 to 20 per cent ethanol fraction 
was 0.22 umole per mg. of protein per 20 minutes. 

The conversion of PRA to glycinamide ribotide in the 
and ATP was catalyzed by the 0 to 20 per cent alcohol f¥%ction of the acid 
supernatant fluid. Fractionation with ammonium sulfate by the proce- 
dure outlined above without prior heating resulted in a 2-S5ld purification 
with recovery of over 50 per cent of the activity in the 30 to 50 per cent 
fraction. This fraction was dialyzed for 4.5 hours against 0.02 m Tris 
buffer, pH 7.0, containing ethylenediaminetetraacetate (0.3 gm. per liter), 
and then lyophilized. The 30 to 50 per cent ammonium sulfate fraction 
used for the P*-phosphate-ATP exchange studies contained a very active 
inorganic pyrophosphatase which was almost completely inhibited with 
0.01 to 0.02 m KF. This concentration of KF decreased the synthesis of 
glycinamide ribotide from PRA to 30 per cent of the control value, but was 
almost without effect on the apyrase in the preparation. 

The prostatic phosphatase (11) used for the dephosphorylation of the 
hexosiminic acid phosphate derivative was supplied by Dr. Charles E. 
Carter. An ammonium sulfate fraction of a rabbit muscle extract (12) 
was used as an ATP-regenerating system. The inorganic pyrophosphatase 
(13) was provided by Dr. Evelyn Smith and Dr. George Mills. 

Methods of Analysis—Determination of inorganic phosphate in the pres- 
ence of PRPP was carried out by a modification of the procedure of Beren- 
blum and Chain (14). Toa15 X 150 mm. acid-washed, glass-stoppered 
tube, 3.4 ml. of 1 N perchloric acid, 0.5 ml. of 10 per cent ammonium 
molybdate, 1.8 ml. of water, and 5.0 ml. of an isobutanol-benzene mixture 
(1:1, v/v) were added, and the contents of the tube were cooled to 0°. A 
0.2 ml. aliquot of the reaction mixture was added and the tube was imme- 
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diately stoppered and shaken for 10 seconds. 1.7 ml. of the organic phase 
were then added to 1.0 ml. of an ethanol-sulfuric acid mixture (32 ml. of 
concentrated HSO, plus 968 ml. of absolute ethanol). A dilute stannous 
chloride solution (0.3 ml.) was then added. The stock solution of SnCl.-- 
2H.0 contained 10 gm. in 25 ml. of concentrated HCl and was kept at 0°. 
The dilute solution was freshly prepared by diluting the stock solution 
10-fold with 1 Nn H2SO,. The optical density at 700 my was determined 
with a Beckman spectrophotometer. When PRPP was analyzed by this 
method, less than 6 per cent was hydrolyzed to inorganic phosphate. 

Orthophosphate, inorganic pyrophosphate, and PRPP were separated on 
a Dowex 1 column (0.8 cm. diameter X 5.0 cm.; 4 per cent cross-linked, 
chloride form). The column was maintained at 0° by an ice water jacket. 
100 ml. of a solution containing 0.0025 n HCl-0.05 n KCl were passed 
through and orthophosphate was eluted rapidly. Inorganic pyrophosphate 
appeared in the eluate when 40 ml. of a 0.0025 n HCI-0.10 n KCI solution 
had passed through, and it was eluted completely with 60 ml. A total of 
150 ml. of this solution was used. PRPP was eluted very rapidly by a 
solution containing 0.0025 n HCl and 0.50 n KCl]. The inorganic pyro- 
phosphate, determined in the PRPP-glutamine reaction, was isolated by 
this procedure, concentrated on a similar Dowex 1 column, eluted in 10 
ml. of 0.0025 M@HCI-0.5 m KCl, and determined by the procedure of Flynn 
et al. (15). PRPP was also reisolated after incubation with P*-pyrophos- 
phate by this chromatographic procedure. The P*-phosphate or pyro- 
phosphate exchange with ATP was estimated by the charcoal absorption 
method (16). 

Hydroxamic acid was measured by the addition, to 1.5 ml. of reaction 
mixture, 2.3 ml. of a solution containing a final concentration of 10 per 
cent FeCl;-6H2O-1 n HCl and 4 per cent trichloroacetic acid. The optical 
density was read at 540 my and a blank was run for each point on the time 
curve. The quantitative analysis of glutamine and glutamic acid, sepa- 
rated by paper chromatography with phenol saturated with water, was 
carried out by a modification of the procedure of Giri et al. (17). The 
amount of glycinamide ribotide synthesis was determined by the incorpora- 
tion of glycine-1-C into a form not decarboxylated by ninhydrin (10). 

The following solvent systems were employed for the paper chromato- 
graphic separations and are referred to in the text by number: (1) butanol, 
50 per cent acetic acid (1:1); (2) isopropanol, water (70:30), in an atmos- 
phere of NH; (0.5 ml. of 1 N NH,OH per liter of jar volume); (3) ammonium 
acetate, 1.0 M, pH 7.0, ethanol (30:70); (4) ammonium acetate, 1.0 m, pH 
3.8, ethanol (25:75); (5) potassium borate, 0.25 m, pH 8.2, ethanol (40:10); 
(6) phenol saturated with water; (7) propanol, water (60:40). 

Synthesis of PRA—A solution of potassium ribose-5-phosphate was pre- 
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pared by stirring 1 gm. of the barium salt in 10 ml. of water with 2 ml. of 
Dowex 50 (H+ form) for 20 minutes. This suspension was then poured on 
a Dowex 50 column (1 cm. diameter X 4 cm., H+ form), and the ribose- 
5-phosphate was eluted with 50 ml. of water. The pH was adjusted to 
8.0, the solution was lyophilized, and the hygroscopic powder dried in 
vacuo over P2Qs. 

PRA was synthesized from ribose-5-phosphate by the procedure of Mus- 
kat (18). Approximately 100 mg. of R5P were transferred, with minimal 
exposure to air, to the reaction vessel. This was a tube 2 cm. in diameter 
and 19 cm. in length, with a 0.5 cm. diameter glass inlet tube 6 cm. from 
the bottom and a similar outlet tube 13.5 cm. from the bottom. The vessel 
was made with a 24/40 outer ground glass joint at the top into which a 
Trubore stirrer was fitted and sealed with silicone grease. Tank ammonia 
gas was allowed to pass through a tower of NaOH pellets and through a 
coil immersed in a bath at —25° before it was condensed in the reaction 
vessel at —78°. The outlet from the reaction vessel was also attached to 
an NaOH pellet tower to maintain anhydrous conditions. After 30 ml. of 
ammonia had condensed, the reaction vessel was immersed in a bath at 
—40°, the inlet tube was closed, and the powdered R5P, which did not go 
into solution, was stirred vigorously for 6 hours. The ammonia was then 
allowed to evaporate. The dry powder was placed in a vacuum desiccator 
at room temperature, subjected to 50 u pressure for 20 minutes, and taken 
up at 0° in 3 ml. of 0.02 m KOH. The material was kept frozen. The 
solution contained a mixture of R5P and PRA, and the yields of PRA 
estimated by the Hantzsch reaction for ammonia (see below) varied from 
10 to 30 per cent. Although the calcium salt of ribose-5-phosphate was 
much less hygroscopic and therefore easier to handle, it resulted in lower 
yields of PRA as compared to the potassium salt. Yields with the lithium 
salt were slightly less than with the potassium salt. 

Analysis of PRA—The ribose content was estimated by reaction with 
orcinol (19), ribose-5-phosphate being used as a standard. ‘Total phos- 
phate was determined after perchloric acid digestion by a modification of 
the method of Gomori (20), while inorganic phosphate was also determined 
by the method of Gomori (20). The analysis for ammonia liberation at 
varying pH values was made with Nessler’s reagent (21). The optical 
density was read immediately after a 10 second mixing period, since the 
solutions began to appear opalescent after several minutes. ‘Total am- 
monia determinations were also made on solutions containing PRA by a 
method based on the Hantzsch reaction (22).2 To aliquots containing 
approximately 0.6 umole of ammonia in a 2.0 ml. volume, 1.5 ml. of 1.0 


*Dr. Lothar Jaenicke suggested the adaptation of this reaction for analysis of 
ammonin. 
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M potassium acetate, pH 5.5, 1.5 ml. of 0.1 m formaldehyde, and 0.3 ml, 
of dilute acetylacetone solution (diluted 1:10 with ethanol) were added. 
The mixture was heated at 100° for 30 minutes and the optical density 
read at 412 my. Solutions containing PRA were subjected to the Elson- 
Morgan reaction with acetylacetone according to the method of Leloir and 
Cardini (23). These solutions were also tested for ferricyanide reduction 
by the method of Borsook e¢ al. (24). 

Synthesis, Isolation, and Analysis of Hexosiminic Acid Phosphate—PRA 
was prepared by stirring 60 mg. of potassium ribose-5-phosphate in am- 
monia as described above. After evaporation of the NH3, the material 
was taken up in 3.0 ml. of water at 0°. The hexosiminic acid phosphate 
(25) was prepared by the addition of a cold filtered solution of 200 mg. of 
CaCl, and 163 mg. of NaCN in 5.0 ml. of water (26). A white precipitate 
formed almost immediately. The mixture was kept at 0° for 6 hours and 
at room temperature for 2 days. After dilution to 50 ml. and addition of 
HCl to a final concentration of 0.1 M, the solution was aerated for 3 hours, 
then passed through a Dowex 50 column (H+ form, 1.0 cm. diameter X 10 
em.). The column was washed with 100 ml. of water, and the entire 
effluent was neutralized, diluted to 500 ml., and passed through a Dowex | 
column (4 per cent cross-linked, chloride form, 0.8 cm. diameter X 15 
cm.). The column was washed with 100 ml. of 0.01 Nn HCl and then a 
solution of 0.01 n HCIl-0.01 n KCl was used to elute the hexosiminic acid 
phosphate. This compound was eluted between 10 and 40 ml. and was 
cleanly separated from the inorganic and organic phosphate fractions which 
followed. The HAP was located in the eluate fractions by analysis for 
ninhydrin-reacting material (27) and for organic phosphate. 11 umoles of 
HAP were recovered. The eluted fractions were combined, lyophilized to 
reduce the volume, and chromatographed on paper by using solvent sys- 
tem (1). The copper complex of hexosiminic acid phosphate was formed 
by the method of Crumpler and Dent (28). 

Conversion of HAP to Derivatives—The hexosiminic acid phosphate was 
completely converted to hexosiminic acid by treatment with prostatic 
phosphatase. This was then compared with hexosiminic acid derived 
from ribosylamine, which was synthesized by dissolving 200 mg. of ribose 
in 40 ml. of liquid ammonia under the conditions used as for synthesis of 
PRA. Hexosiminic acid was synthesized by the same method as the 
hexosiminic acid phosphate. Hexosiminic acid phosphate was converted 
by the following procedure to a compound which reacted with orcinol. To 
1 ml. of HAP solution (2.85 pmoles), 0.5 ml. of 0.1 mM phosphate buffer, 
pH 5.5, and 45 mg. of ninhydrin were added, ‘The solution was main- 
tained at 100° for 45 minutes and the ninhydrin was then extracted with 
f ml, aliquota of chloroform, ‘The resulting solution contained the equiv: 
alent of 1.2 pmoles of ribose-5-phosphate (43 per cent yield), 
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Results 
Reaction of PRPP and Glutamine—The reaction between PRPP and 


glutamine can be followed, not only by the disappearance of PRPP (3), 
but also by the appearance of inorganic phosphate, since all the enzyme 


TABLE II 


Reaction of PRPP and Glutamine Measured by Liberation of Inorganic 
Phosphate in Presence of Pyrophosphatase 


Additions PRPP utilized 
umole 


The reaction vessel contained 0.95 umole of PRPP, 5 umoles of glycine, 5 umoles 
of glutamine, 2.5 umoles of MgCl2, 25 umoles of Tris, pH 8.0, and 5.5 mg. of the 0 to 
20 per cent ethanol fraction in a final volume of 0.6 ml. The reaction mixture was 
incubated at 38° for 20 minutes. 


TaBLeE III 
Effect of Azaserine on PRPP-Glutamine Reaction 
Experiment No. Glutamine Azaserine PRPP utilized 
pmoles pmoles umole 
1 5 0 0.29 
5 2.5 0.17 
5 5.0 0.11 
5 10 0.07 
5 20 0.06 
2 5 0 0.14 
5 20 0.00 
10 20 0.01 
20 20 0.07 


The reaction mixtures also contained 0.56 umole of PRPP, 5.0 umoles of MgCl, 
20 umoles of Tris, pH 8.0, and 4.6 mg. of the dialyzed acid supernatant fraction in a 
final volume of 0.68 ml. The mixture was incubated at 38° for 30 minutes. 


fractions employed for the study of the PRPP-glutamine reaction con- 
tained an excess of inorganic pyrophosphatase. ‘lable II shows that PRPP 
reacted with glutamine and not with glycine. a@-Ketoglutaramic acid (29), 
a deaminated derivative of glutamine, did not’ react with PRPP. Aza- 
serine (30), a glutamine antagonist in the synthesis of formylglycinamidine 
ribotide (31), was a competitive inhibitor of the reaction between PRPP 
and glutamine (‘Table E11), 


ml, 
Pd. 
ity 
nd 
on 
ial 
ate 
of 
ite 
nd 
of 
10 
re 
l 
15 
a 
id 
h 
or 
of 
0 
| 
of 
d 
0 
r, 
h 


1058 5-PHOSPHORIBOSYLAMINE 


Inorganic pyrophosphate, which accumulated in the reaction mixture in 
the presence of 0.014 m KF, was 46 per cent of the amount liberated in 
the absence of KF, and measured as orthophosphate. No exchange of P® 
inorganic pyrophosphate with PRPP was found when both substrates were 
incubated with glutamine and the enzyme. In two experiments, 5.6 
umoles of PRPP, 2.5 umoles of glutamine, 20 umoles of P®-pyrophosphate 
with a specific activity of 12,000 c.p.m. per umole, 20 umoles of KF, 10 
umoles of MgCle, and 9.2 mg. of the acid supernatant fraction in a final 
volume of 1.6 ml. were incubated for 15 minutes. The PRPP isolated 
chromatographically contained no detectable radioactivity. 

Experiments designed to isolate a product of the reaction between PRPP 
and glutamine were unsuccessful. In Table IV are presented the results 


TaBLE IV 
Preincubation of PRPP and Glutamine 


Preincubation Incubation start of err 


pmole umole 
PRPP and glutamine | Glycine and ATP 0 0 
None PRPP and glutamine + glycine 0.26 0.23 


and ATP 


The preincubation additions werc 0.25 umole of PRPP, 10 wmoles of glutamine, 
5 umoles of MgCl:, and 5.5 mg. of the 0 to 20 percent ethanol fraction. The incuba- 
tion additions were 0.8 wmole of ATP, 7 umoles of PGA, 0.13 mg. of muscle extract, 
and 5 umoles of glycine-1-C'*. The mixtures were incubated at 38°. Both the pre- 
incubation and incubation periods were 30 minutes. 


of an experiment in which PRPP was preincubated with glutamine for 30 
minutes. During this period all of the PRPP was utilized as estimated 
by phosphate liberation, and glycine-C' and ATP were then added for a 
30 minute incubation period. In this case no glycinamide ribotide was 
formed, indicating that the product of the reaction was unstable. A 
balance study of the reaction is shown in Table V. It is evident that, for 
each micromole of PRPP utilized and estimated by the liberation of in- 
organic phosphate, approximately 1 umole of glutamine was also utilized 
and 1 umole of glutamic acid was liberated. When PRPP, synthesized 
from P**-labeled ribose-5-phosphate, was incubated with glutamine, the 
main radioactive product of the reaction was indistinguishable from ribose- 
5-phosphate by paper chromatography in four different solvents and on 
Dowex 1 chloride and acetate columns. 

Several attempts to isolate a glutamy! derivative as a product of the 
reaction between PRPP and glutamine were unsuccessful. No _ ribotides 
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TABLE V 
Balance Study of Reaction of PRPP and Glutamine 
Additions Orthophosphate | Glutamic acid | Glutamine utilized 

pmoles pmole pmole 

PRPP + glutamine............. 1.36 0.65 0.77 

A with both substrates.......... +1.02* +0.60 | +0.64 


Additions to the reaction mixture were 2.4 umoles of PRPP, 2 umoles of gluta- 
mine, 2.5 ymoles of MgCl:, 25 umoles of Tris buffer, pH 8.0, and 7 mg. of the 0 to 20 
per cent ethanol fraction in a final volume of 0.6 ml. The mixture was incubated 
for 20 minutes at 38°. 

* 1.02 umoles of orthophosphate equal 0.51 umole of PRPP. 


which reacted with ninhydrin could be isolated by paper or column chro- 
matography or by paper electrophoresis. When glutamic acid-C™, which 
was readily converted to glutamine (32) in this system, was incubated 
with NH3, ATP, ribose-5-phosphate, MgCl., and an enzyme system ca- 
pable of synthesizing glycinamide ribotide, no C-labeled ribotide was 
found in the fractions of the reaction filtrate eluted from a Dowex 1 column. 

PRA As Precursor of Glycinamide Ribotide—Because of data from the 
balance study and the instability of the product of the PRPP glutamine 
reaction, it seemed reasonable that this product might be a derivative of 


TABLE VI 
Formation of Glycinamide Ribotide from PRA 
Glycinamide ribotide formed 
Additions 
Experiment 1 Experiment 2 

pmoles pmole 
PRPP + glutamine + ATP............ 0.32 0.13 

“+ glutamine + ATP.............. 0.78 

REP + NH, + ATP......... 0.07 
‘+ glutamine + ATP. 0.12 0.01 


The reaction vessels contained 1.3 pmoles of PRPP, 5 wmoles of R5P, 2 umoles of 
PRA, 10 wmoles of glutamine, 1.2 ~moles of ATP, 14 umoles of PGA, 0.6 mg. of rabbit 
muscle extract (12), 5umoles of MgCl,, 50 umoles of Tris, pH 8.0, 2.5 umolesa of NH,CI, 
Sumoles of glycine-1-C', and 4.4 mg. of the 0 to 20 per cent ethanol fraction, in a 
final volume of 0.756 ml. Vesnsela were incubated at 38° for 30 minutes in experiment 
land 20 minutes in Experiment 2, 
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ribose-5-phosphate containing the glutamine amide nitrogen. PRA was 
synthesized as described and tested as a precursor of glycinamide ribotide. 
The results of two experiments in Table VI indicated that PRA could sub- 
stitute for PRPP and glutamine, but that ATP was still required for the 
reaction. The product of the reaction of PRA with glycine and ATP was 
shown to migrate identically with glycinamide ribotide in solvent systems 
(2), (3), and (7). In solvent system (2), ribose-5-phosphate is easily sepa- 
rated from glycinamide ribotide. It is noteworthy that the rate of gly- 
cinamide ribotide synthesis from PRA was approximately 3 times as fast 
as from PRPP and glutamine. The inability of R5P to act as a substrate 
for the synthesis of glycinamide ribotide indicates that the R5P which 
contaminated the PRA preparation was not responsible for the precursor 
effect of the mixture. 

Reaction of PRA with Glycine and ATP—The mechanism of the reac- 
tion of PRA with glycine and ATP has been investigated by using the 
technique of exchange of P*-ortho- and pyrophosphate into ATP. The 
data presented in Table VII support the hypothesis that the products of 
this reaction are ADP and orthophosphate rather than AMP and pyro- 
phosphate. Both glycine and PRA were required for exchange of ortho- 
phosphate, while glycine alone did not catalyze an exchange of pyrophos- 
phate. The experiments with pyrophosphate were performed with a 
concentration of KF which resulted in a 70 per cent inhibition of the con- 
version of PRA to glycinamide ribotide. The exchange of inorganic phos- 


TaBLeE VII 
Studies of Exchange of P**-Ortho- and Pyrophosphate with ATP 
Orthophosphate Pyrophosphate 
Additions 
Experiment 1 Experiment 2 Experiment 3 Experiment 4 
pmole pmole pmole umole 
0.0034 0.0031 0.029 0.030 
Glycine.............. 0.0026 0.0020 0.029 0.032 
glycine... 0.0171 0.0117 
0.0039 0. 0082 
‘ + glycine, 0.0125 0.0056 


The reaction veasela contained 6 pimoles of ATT, pinoles of orthophosphate 
or pmoles of pyrophosphate, & pmolea of glycine, approximately pimole of 
VILA mixed with 2.0 pmioles of pmoles of 6 pinoles of MgC ly, 20 pinoles 
of Tria buffer, pil 4.0, 10 pinoles of KP in Paxperimenta and 4, 2 pmolea of in 
Maxperiment 4, and 1.6 mg. of the 10 to 60 per cent (NI) fraction in a final vol 
umeofOhiml, The vessela were incubated for 10 minutes at ak”, 
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VIII 
Formation of Hydrozamic Acid in Presence of Glycine 
Hydroxamic acid formed 
Incubation time 
Without glycine With glycine 4 
min. pmoles pmoles pmole 
30 1.09 1.63 0.54 
60 2.28 3.05 0.77 
90 3.73 4.57 0.84 


The reaction mixtures contained 2.5 umoles of hydroxylamine, 20 umoles of ATP, 
10 pmoles of glycine, 5 umoles of MgCloe, 30 umoles of Tris buffer, pH 8.0, and 15 mg. 
of the 0 to 20 per cent ethanol fraction in a final volume of 1.5 ml. Vessels were in- 


cubated at 38°. 


phate when R5P was present was inconstant, and always considerably 
smaller than the exchange which occurred with the PRA ribose-5-phosphate 
mixture. In Table VII, the amounts of PRA and R5P present in the mix- 
ture were 0.3 and 2.0 umoles, respectively, while 5.0 wmoles of R5P were 
used for the control. 

The formation of a hydroxamic acid in the presence of glycine and ATP 
was demonstrated with the ammonium sulfate fraction which carried out 
the exchange reaction. The appearance of the hydroxamic acid as a func- 
tion of time is indicated in Table VIII. The high apyrase activity of the 
enzyme preparation may be the reason for the decreasing rate of synthesis 
over the longer time intervals. 

Properties of PRA—Because of the marked instability of PRA, analysis 
was difficult, and attempts at isolation of the compound free of ribose- 
5-phosphate have thus far been unsuccessful. Analysis of the PRA con- 
tent of a solution by the Hantzsch reaction corresponded fairly well to the 
activity of PRA as a precursor of glycinamide ribotide. In the usual 
synthesis, the yield of PRA was 10 to 30 per cent of the total orcinol-re- 
acting material. In the mixtures of PRA and ribose-5-phosphate, the 
organic phosphate was equivalent to the orcinol-reacting material when 
R5P was used as a standard, ‘The orcinol spectrum of the PRA solution 
did not show a peak around 540 my such as that obtained with ribulose 
phosphate (33), and the solution did not give a positive reaction for a ketone 
(44), PRA gave a color value in the Elaon-Morgan reaction (25) when 
glucosamine waa used an a atandard, which corresponded almoat exactly 
lo the acid- hydrolyzable For example, in of a solution con. 
taining 65 pmoles of orcinol-reacting material, 9.50 of acid-hy- 
drolyzable ammonia and 9.45 pmoles of material which reacted with the 
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reagents used in the Elson-Morgan test were present. A reduction of 
ferricyanide (24) by a solution containing PRA and ribose-5-phosphate 
was also found. The amount of reduction by this mixture was always 3 
to 5 times the reduction by an equivalent amount of ribose-5-phosphate. 
However, on hydrolysis of the solution with 1 N HCl at 100° for 15 minutes, 
which destroyed the PRA, there was no loss in ability of the solution to 
reduce ferricyanide. This suggested that PRA was not the material in 
the solution responsible for the ferricyanide reduction. Attempts to isolate 
PRA free of R5P by Dowex 1 chloride and bicarbonate columns have been 
thus far unsuccessful. 

The lability of PRA at varying pH values and temperatures has been 
investigated. Table IX indicates the per cent of the total hydrolyzable 


TABLE IX 
NH; Liberation from PRA under Different Conditions of pH and Temperature 


pH Temperature Time P — total 
C. min 
25 30 35 
25 30 4 
25 30 4 
af 25 30 8 


ammonia, measured by the Nessler’s reagent, liberated under varying con- 
ditions in a solution of PRA. It is evident that the compound is extremely 
unstable in slightly acidic solutions even at room temperature. The sta- 
bility of PRA was also determined by its loss of biological activity on 
standing at 3° at different pH values for varying periods of time. For this 
experiment it was necessary first to determine the quantity of PRA re- 
quired to saturate the enzyme system, in order that less than this amdunt 
be used in testing the instability of the compound, In the experimbnta 
presented in ‘Table X, the amount of PRA used and noted as equivalent 
to 100 per cent gave three-fourtha of the maximal glycinamide ribotide 
aynthesis under the conditions employed, The resulta (‘Table X) again 
indicate the extreme instability of the compound even at pH 7.0. How- 
ever, it has been found that this material can be stored as a frozen solution 
in 0.02 m KOH for several weeks with only slight loss of activity. 

Evidence for enzymatic as well as non-enzymatic degradation of PRA 
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is presented in Table XI. In this experiment, preincubation of PRA in 
Tris buffer alone for 15 minutes prior to incubation for 30 minutes with 
glycine-1-C'*, ATP, Mgt+, and the enzyme resulted in a loss of 59 per cent 


TABLE X 


Glycinamide Ribotide Synthesis from PRA Kept at Varying pH 
Values for 18 and 72 Hours 


Condition 18 hrs. 72 hrs. 
Glycinamid Glyci id 
Storage pif ribotide “tibotide Percent 
pmole pmole 

—15 0.375 100 0.360 96 
+3 0.35 93 0.056 15 
0.02 m Tris, pH 7.0............ 3 0.025 7 

0.02 ‘‘ K acetate, pH 4.0....... 3 0.000 0 


The reaction mixture contained 5 wmoles of glycine-1-C, 1.8 umoles of ATP, 21 
umoles of PGA, 7.5 upmoles of MgCle, 13 wmoles of Tris, pH 8.0, 0.13 mg. of rabbit 
muscle enzyme, and 7 mg. of the 0 to 20 per cent ethanol fraction in a final volume 
of 0.85 ml. The vessels were incubated at 38° for 30 minutes. 

*0.9 umole of PRA determined by NH; analysis in 0.02 m KOH frozen for 18 
hours. 


TABLE XI 
Non-Enzymatic and Enzymatic Destruction of PRA 
Preincubation period, 15 min. Incubation period, 30 min. ae 
pmole 
None PRA, glycine, ATP,* + enzyme 0.83 
PRA Glycine, ATP,* + enzyme 0.34 
enzyme + ATP* 0.19 


The reaction mixtures contained 0.9% pmole of PRA, & pmoles of glycine, 1.8 
wnoles of ATH, 21 smoles of PGA, 7.5 pmoles of MgCly, 15 pmoles of Tris, pil 4.0, 
7img, of the 0 to 20 per cent ethanol fraction, and 0.14 mg, of rabbit muscle enzyme in 
afinal volume of O75 ml, The vensela were incubated at 

* Ineludes regenerating ayatem, 


of the activity, while premeubation of PRA with the enzyme resulted ina 
loss of 77 per cent of the activity. 

Hexosiminic Acid Phosphate Derivative of PRA-—The synthesis and isola- 
tion of a derivative of PRA are described under the section on methods. 
This derivative could be easily located in the elution fractions of an ion 
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exchange column by its reaction with ninhydrin (27). When glycine was 
used as a standard, the ratio of ninhydrin color to organic phosphate was 
0.84. This compound could also be identified on paper chromatograms 
by a ninhydrin spray. Table XII indicates the Ry values of hexosiminic 
acid phosphate, glucose-6-phosphate, and ribose-5-phosphate in several 
solvents. When copper carbonate was applied to hexosiminic acid phos- 
phate on the starting line of a chromatographic paper (28), the compound 
showed no ninhydrin reaction after development in the solvent. By en- 
zymatic dephosphorylation of hexosiminic acid phosphate, a product was 
obtained which migrated in four solvents with Rr values comparable to 
hexosiminic acid synthesized from ribosylamine (Table XII). 


TABLE XII 
Rr Values of Hezosiminic Acid Derivatives 
Solvent system No. 
Compound 
1 2 3 4 5 6 
0.10 0.15 0.08 0.08 0.20 
0.18 0.14 0.43 
0.20 0.59 0.34 0.50 0.16 
0.21 0.58 0.49 0.18 
HA-1 + HA-2.... 0.20 0.59 0.50 0.17 


* Hexosiminic acid phosphate. 
t Hexosiminic acid from HAP. 
t Hexosiminic acid from ribosylamine. 


Hexosiminic acid phosphate did not react with orcinol. However, treat- 
ment with ninhydrin resulted in a product which did react with orcinol 
and had a spectrum typical of ribose-5-phosphate rather than of ribulose- 
5-phosphate. Furthermore, the ninhydrin reaction product gave a nega- 
tive test for ketose (34). 

Several attempts to synthesize other derivatives of PRA have been un- 
successful, After treatment of aqueous solutions of PRA with succinic 
anhydride at approximately pH 10 and at 0°, no derivative could be iso- 
lated from a Dowex | column, When acetic anhydride was employed with 
aqueous solutions of PRA, a barium salt of the product did not contain a 
significant amount of acid-hydrolyzable ammonia. Finally, no dinitro- 
benzene derivative could be detected by paper chromatography. 


DISCUSSION 


5-Phosphoribosylpyrophosphate has been shown to play a key rdéle in 
the biosynthesis of nucleic acids. The condensation of this ribose deriva- 
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tive with adenine, guanine, and hypoxanthine results in the formation of 
the corresponding nucleotides (35), while the reaction with orotic acid 
leads to synthesis of uridylic (36) and cytidylic (37) acids. PRPP has 
now been shown to react with glutamine in the earliest step of the de novo 
synthesis of purine nucleotides. In this reaction, as well as in the reactions 
with the purines and orotic acid, PRPP has been shown to liberate inor- 
ganic pyrophosphate. In the glutamine reaction, in contrast to the other 
reactions (35), it was not possible to show exchange of P*® inorganic pyro- 
phosphate with PRPP in the presence of glutamine. 

The amide nitrogen of glutamine has been found to be a precursor of 
N; and Ng of the purine ring (38). Since glutamine is required for glycin- 
amide ribotide synthesis and the reaction of glutamine with PRPP liberates 
glutamic acid, the amide nitrogen of glutamine must become the amide 
nitrogen in glycinamide ribotide and finally the Ny, nitrogen of the purine 
ring. 

Azaserine was shown by Buchanan ef al. to be an inhibitor of the de novo 
synthesis of inosinic acid (39) and later was found to be a competitive 
inhibitor of glutamine in the synthesis of formylglycinamidine ribotide 
from formylglycinamide ribotide, glutamine, and ATP (31). In the pres- 
ent studies, it appears to be also a competitive inhibitor of the reaction 
between PRPP and glutamine. However, the accumulation of formyl- 
glycinamide ribotide in the presence of azaserine (31) suggests that the 
ensuing reaction is more sensitive to the inhibitor. 

PRA has not been demonstrated as the product of the PRPP-glutamine 
reaction. However, chemically synthesized PRA was found to substitute 
for PRPP and glutamine in the synthesis of glycinamide ribotide. The 
question must be raised whether this compound is the natural intermediate, 
but at present it cannot be answered. ‘The instability of the enzymatic 
product of the PRPP-glutamine reaction, the studies showing liberation of 
glutamic acid and ribose-5-phosphate, the marked instability of PRA, and 
its efficient utilization as a precursor of glycinamide ribotide, suggest that 
PRA is the natural intermediate. However, direct proof is required for 
this point. 

The detaila of the PRPP-glutamine reaction remain to be elucidated. 
Since the pyrophosphate bond in PRPP is an @ linkage (40) and the gly- 
comdic bond in the purine nucleotides is a f linkage, it seems reasonable 
that the PRPP-glutamine reaction involves a displacement. The most 
obvious reaction would be displacement of the pyrophosphate moiety by 
the amide nitrogen of glutamine. The product. would be a glutamyl- 
N-ribotide which should have an amide-glycosidic linkage with stability 
comparable to that in glycinamide ribotide. A search for such a com- 
pound has been unsuccessful. Also in such a displacement reaction, in- 
organic pyrophosphate should exchange easily with PRPP. The lack of 
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exchange might be explained by glutamine displacement of the ring oxygen 
and cleavage of the amide bond prior to the cleavage of the pyrophosphate 
linkage. However, further purification of the enzyme is required before 
the intimate mechanism of the reaction will be known. 

The compound synthesized by the reaction of potassium ribose-5-phos- 
phate with liquid ammonia has the properties of 5-phosphoribosylamine. 
The evidence for this structure is based on several facts. The reaction of 
ammonia with aldo sugars is known to give l-amino sugars (41). The 
pH-stability characteristics of the compound synthesized with ribose- 
5-phosphate are similar to those found with arabinosylamine (42). The 
hexosiminic acid phosphate formed by treatment of the ribose-5-phosphate 
ammonia derivative with HCN is an a-amino acid as judged by its ability 
to form a complex with Cut* as well as its decarboxylation and deamination 
with ninhydrin to yield a pentose. Finally the dephosphorylated hexo- 
siminic acid phosphate behaves on paper chromatograms similar to the 
hexosiminic acid synthesized from ribosylamine. The reason for the re- 
action of PRA with the Elson-Morgan reagents is not known. However, 
amines not structurally related to glucosamine have been shown to give 
this reaction (43). Since the ability of the compound to reduce ferricy- 
anide is not lost on acid treatment, which destroys PRA, this reduction 
may be due to another acid-stable compound in the mixture. 

PRA reacts with glycine and ATP to form glycinamide ribotide and the 
reaction may be considered analogous to the synthesis of a peptide bond. 
According to the P® experiments, for exchange of P®? inorganic phosphate 
both glycine and PRA were required. The double requirement, as well as 
the small exchange, suggests that the mechanism of the reaction may be 
similar to that by which glutamine is synthesized (44). The absence of a 
glycine-catalyzed exchange of pyrophosphate with ATP makes a glycyl- 
AMP derivative seem unlikely (45). Whether the hydroxamic acid formed 
in the presence of glycine and ATP is related to the PRA reaction will be 
clarified only after further purification of the enzyme. 


SUMMARY 


Glycine, glutamine, adenosine triphosphate (ATP), and 5-phospho- 
ribosylpyrophosphate (PRPP) are substrate requirements for the synthesis 
of glycinamide ribotide. PRPP has been shown to react with glutamine 
to liberate glutamic acid and inorganic pyrophosphate. Azaserine ia a 
competitive antagonist for glutamine in this reaction. The product of the 
reaction is degraded to ribose-5-phosphate and has not been isolated. 
5-Phosphoribosylamine (PRA), chemically synthesized, will substitute for 
PRPP and glutamine in the synthesis of glycinamide ribotide. In this 
reaction glycine and ATP are required and studies with P® suggest that 


adenosine diphosphate (ADP) and inorganic phosphate are products in the 
reaction. A hydroxamic acid is synthesized in the presence of glycine and 
ATP. PRA is moderately stable in alkali, but very unstable at pH values 
of 7.0 and below. Hexosiminic acid phosphate, a derivative of PRA, was 
synthesized by reaction with cyanide. This compound has the properties 
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of an a-amino acid. 
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THE METABOLISM OF pi-TRYPTOPHAN-3a,7a,7-C" 
AND IN THE RAT* 


By L. M. HENDERSON anv L. V. HANKES 
(From the Division of Biochemistry, Department of Chemistry and Chemical 
Engineering, University of Illinois, Urbana, Illinois, and the Division of 
Biochemistry, Medical Department, Brookhaven National Laboratory, 
Upton, New York) 


(Received for publication, January 25, 1956) 


Earlier observations regarding the fate of ingested tryptophan have been 
confirmed with the use of isotopes. Experiments with tryptophan con- 
taining N?® (1, 2), C'* (3, 4), and deuterium (2) have provided additional 
evidence that in the intact animal this amino acid gives rise to kynurenine 
(1, 3), kynurenic acid (1, 3), xanthurenic acid (1), quinolinic acid (QA) 
(2), and N}-methylnicotinamide (N!-Me) (4). In view of these and numer- 
ous other svudies, a sequence of reactions has been suggested to account 
for the conversion of tryptophan to quinolinic acid and other pyridine de- 
rivatives. 

The availability of tryptophan labeled with C" in specific positions of 
the benzene nucleus has made it possible to provide more convincing evi- 
dence for the reactions proposed. Experiments reported here with ring- 
labeled and with a-carbon-labeled tryptophan provide information regard- 
ing the fate of that portion of a test dose of this amino acid which is not 
deposited as protein or excreted as known end products. 


EXPERIMENTAL 


Radioactive pL-tryptophan was prepared by a slight modification! of 
the method of Warner and Moe (5) from phenylhydrazine hydrochloride. 
Maleic anhydride-2-C™ (6) was condensed with acetoxybutadiene and the 
resulting adduct deacetylated and dehydrogenated catalytically ,? and then 
decarboxylated to benzoic acid. The distribution of isotope in the benzoic 
acid molecules would thus be 50 per cent in C-1 and 25 per cent in each 
adjacent carbon (C-2 and C-6). The benzoic acid was converted to phen- 
ylhydrazine hydrochloride as previously described (7). 

The over-all yield of tryptophan from maleic anhydride was 13.9 per 


* Sponsored by the Atomic Energy Comminsion, 

{ Recipient of a Lalor Foundation Summer Award, Research Collaborator in the 
Brookhaven Medical Department, 1955, 

concentration of sulfurie acid used for cyclization wan increased to 20 per 
cent by weight, 

*D’Angeli, F., and Nystrom, R. F., to be published. 
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cent. The specific activities expressed as microcuries per millimole were 
benzoic acid 8.55, aniline hydrochloride 8.35, and tryptophan 8.46." If 
the reactions proceed by the generally accepted mechanisms, half of the 
isotope should be present in position 7a with the remaining half equally 
divided between positions 7 and 3a of the pL-tryptophan molecules (see 
the formula under ‘‘C™ in urinary excretion products).” 

The product melted with decomposition in the same temperature range 
as authentic pL-tryptophan and had the expected growth-promoting activ- 
ity for Lactobacillus arabinosus. It contained no radioactive impurities 
which could be detected radioautographically in 3 weeks with paper chro- 
matograms developed on Whatman No. 3 MM paper with n butanol- 
acetic acid-water (80:20:20) or pyridine-water (65:35). This product was 
administered without dilution in the experiments described below. p1- 
Tryptophan-a-C™ was obtained from a commercial source.‘ 

Male albino rats of a strain obtained from Carworth Farms, Inc., weigh- 
ing 181 to 208 gm., were transferred from stock diet to the 9 per cent casein- 
sucrose niacin-free diet previously described (8). After 1 to 5 weeks, the 
rats receiving this purified diet were kept in metabolism cages for the ex- 
periments described below. 

All the compounds were administered intraperitoneally in 2 to 5 ml. of 
isotonic saline, and respiratory COs, urine, and feces were collected in the 
usual way. In some experiments the organs, tissues, and contents of the 
digestive tract were removed and homogenized with water in a Waring 
blendor. Suitable aliquots were dried and analyzed for total carbon and 
for C™ content by the method of Van Slyke, Steel, and Plazin (9). 

Expired CO, was collected in 50 ml. of 2 Nn sodium hydroxide diluted to 
200 ml. with water and 2 ml. aliquots used for determining the quantity 
and specific activity of the COz2 expired in each experimental period (20 
minutes to 3 hours). Quinolinic acid (10), nicotinic acid (11), and N’- 
methylnicotinamide (12) determinations were made on all urine samples. 
Urinary urea was determined on some samples by the method of Van 
Slyke (13). 

The procedure for isolating quinolinic acid and N!-methylnicotinamide 
from the urine samples involved adsorption on Norit from acid solution 
as previously described (14). The quinolinic acid was eluted with 0.1 N 
NH,OH and the N'-methylnicotinamide remained on the Norit. Elution 
of the latter was accomplished with 10 volumes of 10 per cent acetic acid 
by stirring for | hour at room temperature, After filtering, the Norit was 
washed with a small volume of 10 per cent acetic acid on the filter. The 


* We are indebted to Dr, 1. F. Nystrom for the C! analyses of these compounds 
and for advice and ansiatance in connection with the ayntheses, 
‘'Tracerlab, Inc,, Boston. 
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elution was repeated and followed by a water washing of the Norit. The 
combined eluates and washings, which contained 85 per cent of the N!- 
methylnicotinamide, were concentrated to dryness in vacuo, and the isola- 
tion was completed essentially as previously described (15). The N'!-meth- 
ylnicotinamide was extracted with acetate buffer, pH 4.4. This extract 
was added to a column containing 100 gm. of 50 mesh Permutit for each 
200 mg. of N!-methylnicotinamide. After washing with the same buffer, 
the compound was eluted with 150 ml. of hot 25 per cent KCl solution for 
each 200 mg. of N'!-methylnicotinamide. The KCl eluate and water 
washings were combined and concentrated to dryness, then the N!-methyl- 
nicotinamide was extracted with 95 per cent ethanol. The picrate was 
precipitated from ethanol and purified to constant specific activity by re- 
crystallization from ethanol. 


RESULTS AND DISCUSSION 


Ring-Labeled Tryptophan—Four animals (Table I) received by intraperi- 
toneal injection the isotopic tryptophan described above in amounts rang- 
ing from 11.2 to 51 mg. per dose. At these levelsof intake three of the rats 
excreted approximately one-fourth of the C'* as CO, (Fig. 1) within 12 
hours. The specific activity of the CO. reached maximal values in the 
3rd hour and decreased rapidly toward the end of the 12 hour period. Rat 
7 was given four 25.5 mg. doses of tryptophan, 12 hours apart. CO. was 
collected during the first and third periods, and urine and feces were col- 
lected for each 12 hour period. At the end of the fourth period the animal 
was sacrificed, and individual tissues were analyzed for carbon and C' 
content. 

Rat 8 received two 25.5 mg. doses of tryptophan 12 hours apart, and 
urine was collected separately for each 12 hour period. The general dis- 
tribution of C' in the end products examined (Table I) indicates that a 
large part of the benzene ring of tryptophan is oxidized. This might 
be expected in view of the rapid oxidation of 3-hydroxyanthranilic acid 
by the rat (16). Urinary excretion accounted for 11.8 to 17.1 per cent at 
moderate dosage and a substantial portion of the isotope appeared in the 
tissues. 

In contrast to the earlier results (14), the excretion of quinolinic acid 
was small and erratic and accounted for less than half of the urinary C' 
in most cases. ‘The amount of N'-methylnicotinamide excreted was rather 
constant, indicating the conversion of approximately 1 per cent of the 
tryptophan given. ‘The specific activity of the urea carbon of samples of 
urine following the administration of ring and a-labeled tryptophan was 
approximately the same as that for the expired CO, during the correspond. 
ing collection periods. ‘The urea usually accounted for less than 5 per cent 
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of the C* of the urine and less than 0.5 per cent of the C™ of the test dose 
Thus, the major part of the urinary C™ was present as 
Further studies are being made in an effort to 


of tryptophan. 
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undetermined compounds. 
identify these end products. 


The fate of isotopic carbon from the benzene nucleus of tryptophan in 


TABLE I 
Fate of C4 of Ring-Labeled Tryptophan Administered Intraperitoneally 
Rat 3 (11.2 mg.)* Rat 4 (51.0 mg.)* Rat 7 (25.5 mg.)* Rat 8 (25.5 mg.)* 
Administered at 
0 hr. 0 hr. 0, 12, 24, 36 hrs. 0, 12 hrs. 

period on period ry period ont period cmt 

Expired CO2 | Ist 11 hr. /26.0) Ist 12 hr. |10.9 | 1st 12 hr.t/26.3 | Ist 12 hr. |27.7 
3rd 12 hr. {24.1 

Urine Ist 11 hr. | 3.5) Ist 12 hr. |11.8 | lst 12 hr. {17.1 | lst 12 hr. |14.4 

3rd 12 hr. |15.1 | 2nd 12 hr./13.8 

Urinary QAf | Ist 11 hr. | 1.2) Ist 12 hr. | 0.6 | Ist 12 hr. |10.6 | 1st 12 hr. | 6.0 

3rd 12 hr. | 2.8 | 2nd 12 hr.| 2.7 

Urinary WN'- | Ist 11 hr. | 0.8) Ist 12 hr. | 0.3 | Ist 12 hr. | 0.83) Ist 12 hr. | 0.77 

Met 3rd 12 hr. | 0.86] 2nd 12 hr.| 1.06 
Feces Ist 24 hr. |34.9f| Ist 48 hr. | 2.1 
Tissues End 24 hr. |16.0 | End 48 hr. |30.2 


* Amount of dose. 

t These are maximal figures since they are based upon analysis of urine samples 
, for these compounds. The assumption is made that all of the increment in urinary 
‘ levels of QA and N!-Me over the control periods arises directly from tryptophan 


without dilution. 

t Includes intestinal contents at the time the animal was sacrificed, 24 hours after 
the test dose. This high value appears to be the result of injection of some portion 
of the tryptophan into the lumen of the gut. Microbioassy showed the presence of 
sufficient tryptophan to account for 27.8 per cent of the test dose or 80 per cent of 
the C™ found in this sample. This probably accounts for the small percentage con- 
version of the C'* to COs:. 


Rat 7 is shown in more detail in Table II. Approximately 74 per cent of 
the isotope administered in the 2 day period was accounted for when the 
assumption was made that the quantity expired as CO, was the same in 
the second and fourth periods and as in the first and third periods. ‘The 
specific activity pattern of the carbon of the various tissues and organs 
was similar to that found following the administration of other essential 
amino acids labeled with C"™. 

Tryplophan-e-C™—-To compare the disposal of C' from the side chain 
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with that in the benzene ring, 22.2 and 51 mg. doses of pL-tryptophan- 
a-C' were injected intraperitoneally into two rats. The expired carbon 


3 


uJ 
Vv) 
uJ 
10 NO.3 11.2 MG. 
O NO. 7 25.5 MG. 
NOB 25.5 MG. 
O 2 4 6 8 10 l2 


TIME, HOURS 
Fig. 1. The rate of loss of C'4 from ring-labeled tryptophan as carbon dioxide 


TABLE II 
Fate of C'* from Ring-Labeled Tryptophan for Rat 7* 
1st 12 hr. period|2nd 12 hr. period|3rd 12 hr. period/4th 12 hr. period 

179 208 157 180 
11.1 19.0 21.8 19.4 
Cecum contents... 17.9 
Intestinal 41.4 
262 
Digestive 157 
27.9 
Other 94 
Carcass......... 600 


* The total dosage was 102 mg. or 4.23 we. in 48 hours given intraperitoneally in 


four equal doses 12 hours apart. 


dioxide (‘Table IIT) accounted for 35.7 and 48.2 per cent of the isotope 


given, 


Significant quantities were excreted in the feces and urine, 


As expected, the rate at which the a-carbon atom is oxidized is somewhat 
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greater than that for the benzene ring carbons. Known metabolites which 
lose the side chain, but retain the ring carbons of kynurenine, include 
quinolinic acid, nicotinic acid, N'-methy]lnicotinamide, and anthranilic acid, 
and their derivatives. 

The extensive degradation of the benzene ring was not unexpected in 
view of the extensive conversion of the indole nitrogen to urea noted by 
Schayer (1). In normal rats, never more than 25 to 30 per cent of a mas- 
sive test dose of tryptophan has been accounted for as known urinary 
excretion products (17, 18). 

C'% in Urinary Excretion Products—If the conversion of tryptophan to 
pyridine compounds proceeds via kynurenine, 3-hydroxykynurenine, and 
3-hydroxyanthranilic acid, certain labeling patterns in the urinary excretion 
products should be found. The ring-labeled tryptophan would be expected 
to give rise to quinolinic acid in which one-fourth of the C™ is present in 
the 2-carboxy] group, one-half in position 2, and one-fourth in position 3 
of the pyridine nucleus. The N'-methylnicotinamide should retain 2 of 
the 3 labeled carbon atoms and three-fourths of the total isotope as shown. 


—COOH 


* 
+—COOH 


> Kynurenine — hydroxykynurenine — 


* Istope-labeled. 


After the addition of carrier N'-methy]nicotinamide and quinolinic acid 
to the urine samples collected from Rats 7 and 8 following a total dosage 
of 51 mg. and 102 mg., respectively, of ring-labeled tryptophan, these com- 
pounds were isolated. Analysis of the urines for these metabolites before 
adding carrier made it possible to calculate their specific activity after C™ 
analysis of the diluted product isolated. The specific activity (microcurie 
per millimole) of the quinolinic acid excreted was equal to 65 per cent of 
that of the ring-labeled tryptophan given to Rat 7 and 76 per cent for Rat 
8. This dilution is somewhat greater than that observed with N'*-trypto- 
phan (2), probably because of the much lower yield of quinolinic acid from 
tryptophan in the experiments reported here. ‘The results (Table IV) 
show that the distribution of C™ in quinolinic acid is in good agreement 
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with the theoretical values, especially after correcting for the incomplete 
removal of the 2-carboxy] group on heating.’ These results provide con- 


TABLE III 


Fate of C' from a-Carbon Atom of Isotopic Tryptophan 


Rat 11 
(22.2 mg.; 1.01 wc.)* 


Rat 14 
(51 mg.; 0.87 yc.)* 


C'4 in 24 hr. urine, % dose............... 4.3 12.8 
expired CO:2, cumulative % dose 

* Dosage. 


TABLE IV 


Results of C** Analysis on Urinary Quinolinic Acid and N'-Methylnicotinamide 
from Rats Given Ring-Labeled Tryptophan 


The specific activity of tryptophan for Rat 7 and for Rat 8 was 8.31 ue. per mmole. 


Rat 7 Rat 8 
Quinolinic acid 
Specific activity QA, uc. per mmole (corrected 
2-COOH lost on heating, %..................... 91 90 
‘“« in 2-COOH, % (corrected to 100% decarboxy- 
N'.Methylnicotinamide 
Specific activity N'-Me, uc. per mmole (corrected 


* The 1-COOH of this sample contained no isotopic carbon. 


vincing evidence for the postulated pathway of conversion of tryptophan 
to quinolinic acid via kynurenine and 3-hydroxyanthranilic acid. Oxida- 


*The decarboxylation was accomplished by immersing the combustion tube con- 
taining the quinolinic acid in a Wood’s metal bath at 185° and raising the tempera- 
ture to 220° in 10 minutes, The CO, was collected in the Van Slyke machine cham- 
ber, measured manometrically, and C'* content estimated in the usual way. 
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tion of 3-hydroxyanthranilic acid in the 3,4 position, converting C-3 to 
the 2-carboxy] of quinolinic acid, appears to be the only mechanism which 
would account for the previous isotopic evidence and the results reported 
here. 

The reduction of the specific activity of N'!-methylnicotinamide below 
that of the ring-labeled tryptophan from which it was formed can be ac- 
counted for in one of two ways. Isotopic carbon could be lost in the 
metabolic conversion, or the body pool of N'!-methylnicotinamide precur- 
sors might be large enough to account for the dilution observed. The 
rather considerable body of evidence suggests that the latter explanation 
is more likely. If the carbon in position 3 of 3-hydroxyanthranilic acid 
is lost, the specific activity of N'!-methylnicotinamide should be 6.24 uc. 
per mmole with the assumption that there is no dilution. The rather large 
dilution (5-fold for Rat 8) is most readily explained as the result of dilution 
with the pyridine nucleotides of the animals. On the other hand, the pool 
of each of the compounds between tryptophan and quinolinic acid appears 
to be small. 


The authors wish to thank Peter Casey and Rhoda Palter for technical 
assistance. 


SUMMARY 


1. Adult male rats were used for the study of the metabolic fate of tryp- 
tophan labeled with C™ in the benzene ring or the a-carbon atom. 

Approximately half of the a-carbon atom and one-fourth of the labeled 
ring carbon of a test dose were oxidized to expired CO2. The urine con- 
tained approximately 15 per cent of the C™ from the benzene ring of trypto- 
phan and much less from the a-carbon. The tissues contained 16 and 30 
per cent of the isotope from the ring-labeled tryptophan in two experi- 
ments. 

2. The quinolinic acid isolated by carrier technique had a specific activ- 
ity equal to 65 and 76 per cent of the pL-tryptophan-3a ,7a,7-C" injected. 
The expected 25 per cent of the C™ was present in the readily removable 
2-carboxyl group. 

3. An N'!-methylnicotinamide sample isolated from the urine had a spe- 
cific activity which suggested a 5-fold dilution with body pools of trypto- 
phan, pyridine nucleotides, and other precursors. 
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Adenine nucleotide(s): Photophospho- 
rylation, bacteria, purple, Frenkel, 
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and, interaction, Berg, 1025 
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properties, Carter and Cohen, 17 
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study, Rosenfeld and Bascom, 565 
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yar and Glick, 73 
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thesis effect, Tolbert and Zill, 895 
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Rosenfeld and Bascom, 565 
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effect, Summer and French, 469 
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Lott, and Tillotson, 447 
Androstene-38,168-diol: 5-, Huffman, 
Lott, and Tillotson, 447 
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emia and proteins, relation, Deutsch, 
Morton, and Kratochvil, 39 
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mination, calorimetric, Steiner and 
Kitzinger, 271 
Arginine: Biological fluids, determina- 
tion, Van Pilsum, Martin, Kito, and 
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Ascite(s): Carcinoma, Ehrlich, protein 
synthesis, glutamine effect, Rabino- 
vitz, Olson, and Greenberg, 879 
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sugars conversion to, strawberries, 
Loewus, Jang, and Seegmiller, 
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B 
Bacillus: See Micrococcus 
Bacteria: Cytochromes, Vernon, 
1035, 1045 
Purple, adenine nucleotides, photo- 
phosphorylation, Frenkel, 823 
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Pseudomonas 
Bean: Soy, hemagglutinin, Liener and 
Wada, 695 
Biological fluid(s): Arginine determina- 
tion, Van Pilsum, Martin, Kito, and 


Hess, 225 
Creatine determination, Van Pilsum, 
Martin, Kito, and Hess, 225 


Creatinine determination, Van Pilsum, 
Martin, Kito, and Hess, 225 
Guanidine determination, Van Pilsum, 
Martin, Kito, and Hess, 225 
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Biological fluid (s) —continued: Choline: Antimetabolites, microorga- 
Guanidinoacetic acid, determination, nisms, Wells, 923 


Van Pilsum, Martin, Kito, and Hess, 

225 

Methylguanidine determination, Van 
Pilsum, Martin, Kito, and Hess, 

225 

Blood cell(s): Red, turnover, methi- 

onine- high diet, effect, Cohen and 

Berg, 85 

Blood plasma: Phosphatase, rat, De Luca 


and Steenbock, 937 
Proteins, metabolism, Roberts and 
Kelley, 555 


Blood serum: Hyperglobulinemic, anti- 
genicity, blood serum proteins, rela- 
tion, Deutsch, Morton, and Kra- 
tochuil, 39 

Macroglobulin, crystalline, Kratochvil 
and Deutsch, 31 
Proteins, blood serum hyperglobulin- 
emia, antigenicity, relation, Deutsch, 
Morton, and Kratochvil, 39 

Brain: Metabolism, C'*-glycine use in 

study, Douglas and Mortensen, 
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Carbohydrate(s): Palmitic acid oxida- 
tion, effect, Lossow, Brown, and 
Chatkoff, 531 

Carbon disulfide: Chymotrypsinogen 
and, reaction, Chervenka and Wilcoz, 

621 

Carboxylic acid: Tri-. See Tricarboxylic 
acid 

Carcinoma: Ascites, Ehrlich, protein 
synthesis, glutamine effect, Rabino- 
vitz, Olson, and Greenberg, 879 

See also HeLa, Neoplasm, Tumor 

Cell(s): Single, analysis, Lowry, Roberts, 
and Chang, 97 

Cholesterol: Biosynthesis, liver, acetate- 
1-C', relation, Bucher and McGarra- 
han, 1 

Carbon 14-labeled acids from, liver 
mitochondria, relation, Fredrickson, 


109 
-3d, coprostanol-d from, Rosenfeld, 
Hellman, and Gallagher, 321 


Cytidine diphosphate. See Cytidine 
diphosphate choline 

Synthesis, 2-amino-2-methylpropa- 

nol-1, effect, Wells, 931 

Chymotrypsinogen: Carbon disulfide 

and, reaction, Chervenka and Wilcoz, 

621 

O-Methylisourea and, reaction, Cher- 

venka and Wilcoz, 635 

Citrate: Fatty acid metabolism, effect, 
Brady, Mamoon, and Stadtman, 


795 
Liver, Schneider, Striebich, and Hoge- 
boom, 969 


Citric acid: Cycle, enzymes, HeLa cells, 


Barban and Schulze, 665 
Citrovorum factor: See Leuconostoc 
Clostridium cylindrosporum: Purine fer- 

mentation, Rabinowitz and Pricer, 

537 
Coenzyme(s): A, fatty acid metabolism, 
effect, Brady, Mamoon, and Stadt- 

man, 795 

Cytidine, phospholipide biosynthesis, 
relation, Kennedy and Weiss, 

193 

Coprostanol: -d, cholesterol-3d transfor- 

mation to, Rosenfeld, Hellman, and 


Gallagher, 321 
Deuterium, Rosenfeld,. Hellman, and 
Gallagher, 321 


Creatine: Biological fluids, determina- 
tion, Van Pilsum, Martin, Kito, and 
Hess, 225 

Creatinine: Biological fluids, determina- 
tion, Van Pilsum, Martin, Kito, and 
Hess, 225 

Cyanide: Mercaptopyruvate-. See Mer- 
captopyruvate-cyanide 

Cysteine: Determination, spectrophoto- 


metric, Avi-Dor and Mager, 249 
Cytidine: Coenzymes, phospholipide bio- 
synthesis, relation, Kennedy and 
Weiss, 193 
Cytidine diphosphate choline: Synthesis, 
Kennedy, 185 
Cytidine diphosphate ethanolamine: 
Synthesis, Kennedy, 185 


+ 
i! 
ye 
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Cytidine triphosphate: Uridine triphos- 
phate, enzymatic amination to, 
Lieberman, 765 

Cytochemistry: Schneider, Striebich, and 
Hogeboom, 969 

Cytochrome(s): Bacterial, Vernon, 

1035, 1045 

c, reduction, enzymatic, lipide co- 

factor and _ tocopherol, relation, 

Nason and Lehman, 511 
Micrococcus denitrificans, Vernon, 

1035 

Pseudomonad, nitrate-reducing, Ver- 

non, 1045 
Pseudomonas denitrificans, Vernon, 

1035 

Cytochrome c reductase: Diphosphopy- 
ridine nucleotide, muscle, Lehman 


and Nason, 497 
— —, reduced, TJ'etrahymena pyrifor- 
mis, Eichel, 121 


Cytosine nucleotide(s): 5’-, phosphoryla- 
tion, liver, Herbert and Potter, 453 


D 


Dehydrogenase: Glucose. See Glucose 
dehydrogenase 
Deoxyglucose: 2-, fructose metabolism, 
diaphragm, effect, Nakada and Wick, 
671 
2-Galactose metabolism, diaphragm, 
effect, Nakada and Wick, 671 
2-, glucose metabolism, diaphragm, ef- 
fect, Nakada and Wick, 671 
Deoxyribonucleic acid: Metabolism, 
liver, regenerating, x-radiation ef- 
fect, Jardetzky, Barnum, and Ver- 


mund, 421 
Deuterium: Coprostanol, Rosenfeld, 
Hellman, and Gallagher, 321 
Dextran: Synthesis, streptococcus, 
Hehre, 739 


Diaphragm: Fructose metabolism, 2-de- 
oxyglucose effect, Nakada and Wick, 
671 
Galactose metabolism, 2-deoxyglucose 
effect, Nakada and Wick, 671 
Glucose metabolism, 2-deoxyglucose 
effect, Nakada and Wick, 671 
Diet: See Food 


Dimethylpropiothetin: Cleavage, enzy- 
matic, Polysiphonia lanosa, Cantoni 
and Anderson, 171 

Diphosphopyridine nucleotide: -Cyto- 
chrome c reductase, muscle, Leh- 


man and Nason, 497 
— — —, reduced, Tetrahymena pyri- 
formis, Eichel, 121 


Diphosphopyridine nucleotide oxidase: 
Reduced, Tetrahymena pyriformis, 
Eichel, 121, 137 


E 


Ehrlich: Ascites carcinoma, protein syn- 
thesis, glutamine effect, Rabinovitz, 


Olson, and Greenberg, 879 
Elastase: Pancreas, Lewis, Williams, and 
Brink, 705 
Electron transport: Lipides, réle, Leh- 
man and Nason, 497 
Nasonand Lehman, 511 
Embden-Meyerhof: Pathways, Bloom, 
Eisenberg, and Stetten, 301 
Enzyme(s): Acetate activation, mecha- 
nism, Berg, 991 
Citric acid cycle, HeLa cells, Barban 
and Schulze, 665 


Co-. See Coenzyme 
Cytidine triphosphate from uridine 
triphosphate amination, Lieberman, 
765 
Cytochrome c reduction, lipide co- 
factor and _ tocopherol relation, 
Nason and Lehman, 511 
Dimethylpropiothetin cleavage, Poly- 
stphonia lanosa, Cantoni and Ander- 


son, 171 
Glucuronolactone hydrolysis, Eisen- 
berg and Field, 293 
Hydrogen transfer, Levy, Loewus, and 
Vennesland, 685 
Oxalic acid decarboxylation, Jakoby, 
Ohmura, and Hayaishi, 435 
Poly-p-lysine, hydrolysis, Tsuyuki, 
Tsuyuki, and Stahmann, 479 
Proteolysis, protein peptide cofactors, 
Johnson and Herriott, 855 


Respiratory. See Respiratory enzyme 
Steroid sulfates, synthesis, Schneider 
and Lewbart, 787 
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Enzyme (s)—continued: 
See also Adenylosuccinase, Amylase, 
etc. 
Erythrocyte(s): See Blood cell 
Escherichia coli: Acetate oxidation, tri- 
carboxylic acid cycle relation, Gil- 
varg and Davis, 307 
Estradiol-178: Carbon 14-labeled, 16- 
ketoestradiol-178, radioactive, from, 
Levitz, Spitzer, and Twombly, 981 
16-Keto-. See Ketoestradiol-178 
Estrogen(s): Testosterone, carbon 14- 
labeled, conversion to, ovary effect, 
Wotiz, Davis, Lemon, and Gut, 
487 
Ethanolamine: Cytidine diphosphate. 
See Cytidine diphosphate ethanol- 
amine 


F 


Fatty acid(s): Metabolism, citrate effect, 
Brady, Mamoon, and Stadtman, 
795 
—, coenzyme effect, Brady, Mamoon, 
and Stadtman, 795 
Fibrinogen: Proteolysis, thrombin ef- 
fect, Laskowski, Donnelly, Van Tijn, 
and Scheraga, 815 
Fluorene: Derivatives, liver, hydroxyla- 
tion and protein binding, Gutmann, 
Peters, and Burtle, . 373 
—, metabolism, liver, Gutmann, Peters, 
and Burtle, 373 
Folic acid: Leuconostoc citrovorum factor 
from, in vitro, Doctor, 959 
Food: Liver phospholipide labeling, defi- 
ciency effect, Kline, McPherson, 
Pritchard, and Rossiter, 219 
Formaldehyde: Sarcosine-CD; oxidation 
to, mitochondria, Mackenzie and 
Abeles, 145 
Formiminoglycine: Clostridium cylindro- 
sporum purine fermentation, rela- 
tion, Rabinowitz and Pricer, 537 
Fructose: Metabolism, diaphragm, 2-de- 
oxyglucose effect, Nakada and Wick, 
671 
Fructose-1 ,6-diphosphatase: Liver, glu- 
cogenic stress, relation, Mokrasch, 
Davidson, and McGilvery, 179 


G 


Galactose: Metabolism, diaphragm, 
2-deoxyglucose effect, Nakada and 


Wick, 671 
Globulin: y-, subfractionation, electro- 
phoresis, Saifer and Corey, 803 


Macro-. See Macroglobulin 
Globulinemia: Hyper-. See Hyperglo- 
bulinemia 
Glucagon: Glycogenolysis, insulin ef- 
fect, Tyberghein, Tomizawa, and Wil- 
liams, 945 
Glucogenic stress: Liver fructose-1,6- 
diphosphatase, relation, Mokrasch, 
Davidson, and McGilvery, 179 
Glucose: Absorption, intestine, lactic 
acid production effect, Wilson, 
751 
Catabolism pathways, neoplasms, iso- 
tope tracer use, Wenner and Wein- 
house, 399 
2-Deoxy-. See Deoxyglucose 
Metabolism, diaphragm, 2-deoxyglu- 
cose effect, Nakada and Wick, 671 
Glucose dehydrogenase: Hydrogen 
transfer, réle, Levy, Loewus, and 
Vennesland, 685 
Glucose-6-phosphatase: Tumors, corti- 
cotropin-secreting, Shull, Cahill, 
Gadsden, and Mayer, 415 
Glucose-l-phosphate transphosphoryl- 
ase: Muscle, Sidbury, Rosenberg, and 
Najjar, 89 
Glucuronidase: 8-, alcohols, effect, Nay- 
yar and Glick, 73 
—, kidney, gonadotropin effect, Fish- 
man, Benjamin, and Green, 351 
Glucuronolactone: Hydrolysis, enzy- 
matic, Eisenberg and Field, 293 
Glutamine: Protein synthesis, Ehrlich 
ascites carcinoma, effect, Rabinovitz, 
Olson, and Greenberg, 879 
Glutathione: Metabolism, liver, C'4-gly- 
cine use in study, Douglas and Mor- 


tensen, 581 
Glycinamide ribotide: 5-Phosphoribosy]- 
amine relation, Goldthwait, 1051 


Glycine: Carbon 14-labeled, brain me- 
tabolism, use in study, Douglas and 
Mortensen, 581 
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Glycine: —continued: 

Carbon 14-labeled liver glutathione 
metabolism, use in study, Douglas 
and Mortensen, 581 

Formimino-. See Formiminoglycine 

Glycogen: Metabolism, molecular weight 
relation, Stetten, Katzen, and Stetten, 
587 
Glycogenolysis: Glucagon, insulin effect, 
Tybergheim, Tomizawa, and Wil- 
liams, 945 
Glycolic acid: Excretion, algae, photo- 
synthesis effect, Tolbert and Zill, 
895 
Gonadotropin: Kidney §-glucuronidase 
effect, Fishman, Benjamin, and 
Green, 351 
Guanidine: Biological fluids, determina- 
tion, Van Pilsum, Martin, Kito, and 
Hess, 225 
Methyl-. See Methylguanidine 
Guanidinoacetic acid: Biological fluids, 
determination, Van Pilsum, Martin, 
Kito, and Hess, 225 
Guanine nucleotide(s): Phosphoryla- 
tion, liver, Herbert and Potter, 


453 
H 

HeLa: Cells, citric acid cycle, enzymes, 
Barban and Schulze, 665 
Hemagglutinin: Soy bean, Liener and 
Wada, 695 
Histidine: a-C'-, metabolism, Wolf, Wu, 
and Heck, 159 
—, products, urine, Wolf, Wu, and 
Heck, 159 
Hormone(s): Ovary, non-steroid, 
Frieden, Noall,and Alonso-deF lorida, 
611 
Thyrotropic. See Thyrotropic hor- 

mone 
Hydrogen: Transfer, enzymatic, Levy, 
Loewus, and Vennesland, 685 
—, glucose dehydrogenase réle, Levy, 
Loewus, and Vennesland, 685 


Hyperglobulinemia: Blood serum, anti- 
genicity, blood serum proteins, rela- 
tion, Deutsch, Morton, and Kratoch- 
vil, 39 


I 


Insulin: Glucagon, glycogenolysis, ef- 
fect, Tyberghein, Tomizawa, and Wil- 
liams, 945 

Intestine: Glucose absorption, lactic 
acid production effect, Wilson, 


751 

K . 
Ketoestradiol-178: 16-, carbon 14- 
labeled, synthesis, Levitz and 


Spitzer, 979 
—, radioactive, estradiol-178-16-C" 
conversion to, Levitz, Spitzer, and 
Twombly, 981 
Kidney: 8-Glucuronidase, gonadotropin 
effect, Fishman, Benjamin, and 


Green, 351 
Metabolism, phlorizin effect, Lot- 
speich and Keller, 843 
L 

Lactic acid: Glucose absorption, intes- 
tine, effect, Wilson, 751 
Lactone(s): Glucurono-. See Glucuro- 

nolactone 


Lecithin(s): Oleic acid-1-C'™ incorpora- 

tion into, Hanahan and Blomstrand, 

677 

Palmitic acid-1-C"™ incorporation into, 
Hanahan and Blomstrand, 

677 

Leuconostoc citrovorum: Factor, folic 

acid conversion to, in vitro, Doctor, 


959 

Lipemia: Clearing activity, lipolysis re- 
lation, Engelberg, 601 
Lipide(s): Electron transport, réle, Leh- 
man and Nason, 497 
Nason and Lehman, 511 


Phospho-. See Phospholipide 
Lipide cofactor: Cytochrome c reduction, 


enzymatic, tocopherol _ relation, 
Nason and Lehman, 511 
Lipolysis: Lipemia clearing activity, re- 
lation, Engelberg, 601 


Liver: Acetoacetate formation, pen- 
tadecanoin, carbon 14-labeled, rela- 
tion, Chapman, Chaikoff, and Dauben, 

363 
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Enzyme (s)—continued: 
See also Adenylosuccinase, Amylase, 
etc. 
Erythrocyte(s): See Blood cell 
Escherichia coli: Acetate oxidation, tri- 
carboxylic acid cycle relation, Gil- 
varg and Davis, 307 
Estradiol-178: Carbon 14-labeled, 16- 
ketoestradiol-178, radioactive, from, 
Levitz, Spitzer, and Twombly, 981 
16-Keto-. See Ketoestradiol-178 
Estrogen(s): Testosterone, carbon 14- 
labeled, conversion to, ovary effect, 
Wotiz, Davis, Lemon, and Gut, 
487 
Ethanolamine: Cytidine diphosphate. 
See Cytidine diphosphate ethanol- 
amine 


F 


Fatty acid(s): Metabolism, citrate effect, 
Brady, Mamoon, and Stadtman, 


795 
—, coenzyme effect, Brady, Mamoon, 
and Stadtman, 795 


Fibrinogen: Proteolysis, thrombin ef- 
fect, Laskowski, Donnelly, Van Tijn, 
and Scheraga, 815 

Fluorene: Derivatives, liver, hydroxyla- 
tion and protein binding, Gutmann, 
Peters, and Burtle, 373 

—, metabolism, liver, Gutmann, Peters, 
and Burile, 373 

Folic acid: Leuconostoc citrovorum factor 
from, in vitro, Doctor, 959 

Food: Liver phospholipide labeling, defi- 
ciency effect, Kline, McPherson, 
Pritchard, and Rossiter, 219 

Formaldehyde: Sarcosine-CD; oxidation 
to, mitochondria, Mackenzie and 
Abeles, 145 

Formiminoglycine: Clostridium cylindro- 
sporum purine fermentation, rela- 
tion, Rabinowitz and Pricer, 537 

Fructose: Metabolism, diaphragm, 2-de- 
oxyglucose effect, Nakada and Wick, 

671 

Fructose-1 ,6-diphosphatase: Liver, glu- 
cogenic stress, relation, Mokrasch, 
Davidson, and McGilvery, 179 


G 


Galactose: Metabolism, diaphragm, 
2-deoxyglucose effect, Nakada and 


Wick, 671 
Globulin: y-, subfractionation, electro- 
phoresis, Saifer and Corey, 803 


Macro-. See Macroglobulin 
Globulinemia: Hyper-. See Hyperglo- 
bulinemia 
Glucagon: Glycogenolysis, insulin ef- 
fect, Tyberghein, Tomizawa, and Wil- 
liams, 945 
Glucogenic stress: Liver fructose-1,6- 
_ diphosphatase, relation, Mokrasch, 
Davidson, and McGilvery, 179 
Glucose: Absorption, intestine, lactic 
acid production effect, Wilson, 
751 
Catabolism pathways, neoplasms, iso- 
tope tracer use, Wenner and Wein- 
house, 399 
2-Deoxy-. See Deoxyglucose 
Metabolism, diaphragm, 2-deoxyglu- 
cose effect, Nakada and Wick, 671 
Glucose dehydrogenase: Hydrogen 
transfer, réle, Levy, Loewus, and 
Vennesland, 685 
Glucose-6-phosphatase: Tumors, corti- 
cotropin-secreting, Shull, Cahill, 
Gadsden, and Mayer, 415 
Glucose-l-phosphate transphosphoryl- 
ase: Muscle, Sidbury, Rosenberg, and 
Najjar, 89 
Glucuronidase: 8-, alcohols, effect, Nay- 


yar and Glick, 73 
—, kidney, gonadotropin effect, Fish- 
man, Benjamin, and Green, 351 


Glucuronolactone: Hydrolysis, enzy- 
matic, Eisenberg and Field, 293 
Glutamine: Protein synthesis, Ehrlich 
ascites carcinoma, effect, Rabinoviiz, 
Olson, and Greenberg, 879 
Glutathione: Metabolism, liver, C'*-gly- 
cine use in study, Douglas and Mor- 


tensen, 581 
Glycinamide ribotide: 5-Phosphoribosyl- 
amine relation, Goldthwait, 1051 


Glycine: Carbon 14-labeled, brain me- 
tabolism, use in study, Douglas and 
Mortensen, 581 
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Glycine: —continued: 

Carbon 14-labeled liver glutathione 
metabolism, use in study, Douglas 
and Mortensen, 581 

Formimino-. See Formiminoglycine 

Glycogen: Metabolism, molecular weight 
relation, Stetten, Katzen, and Stetten, 
587 
Glycogenolysis: Glucagon, insulin effect, 
Tyberghem, Tomizawa, and Wil- 
liams, 945 
Glycolic acid: Excretion, algae, photo- 
synthesis effect, Tolbert and Zill, 
895 
Gonadotropin: Kidney §-glucuronidase 
effect, Fishman, Benjamin, and 
Green, 351 
Guanidine: Biological fluids, determina- 
tion, Van Pilsum, Martin, Kito, and 
Hess, 225 
Methyl-. See Methylguanidine 
Guanidinoacetic acid: Biological fluids, 
determination, Van Pilsum, Martin, 
Kito, and Hess, 225 
Guanine nucleotide(s): Phosphoryla- 
tion, liver, Herbert and Potter, 


453 
H 

HeLa: Cells, citric acid cycle, enzymes, 
Barban and Schulze, 665 
Hemagglutinin: Soy bean, Liener and 
Wada, 695 
Histidine: a-C'-, metabolism, Wolf, Wu, 
and Heck, 159 
—, products, urine, Wolf, Wu, and 
Heck, 159 
Hormone(s): Ovary, non-steroid, 
Frieden, Noall, and Alonso-deF lorida, 
611 
Thyrotropic. See Thyrotropic hor- 

mone 
Hydrogen: Transfer, enzymatic, Levy, 
Loewus, and Vennesland, 685 
—, glucose dehydrogenase réle, Levy, 
Loewus, and Vennesland, 685 


Hyperglobulinemia: Blood serum, anti- 
genicity, blood serum proteins, rela- 
tion, Deutsch, Morton, and Kratoch- 
vil, 39 


I 


Insulin: Glucagon, glycogenolysis, ef- 
fect, Tyberghein, Tomizawa, and Wil- 
liams, 945 

Intestine: Glucose absorption, lactic 
acid production effect, Wilson, 

751 


K 


Ketoestradiol-178: 16-, carbon 14- 
labeled, synthesis, Levitz and 
Spitzer, 979 
—, radioactive, estradiol-178-16-C™ 
conversion to, Levitz, Spitzer, and 
Twombly, 981 
Kidney: 8-Glucuronidase, gonadotropin 
effect, Fishman, Benjamin, and 


Green, 351 
Metabolism, phlorizin effect, Lot- 
spetch and Keller, 843 
L 

Lactic acid: Glucose absorption, intes- 
tine, effect, Wilson, 751 
Lactone(s): Glucurono-. See Glucuro- 

nolactone 


Lecithin(s): Oleic acid-1-C' incorpora- 
tion into, Hanahan and Blomstrand, 


677 

Palmitic acid-1-C™ incorporation into, 
Hanahan and Blomstrand, 

677 


Leuconostoc citrovorum: Factor, folic 
acid conversion to, in vitro, Doctor, 


959 

Lipemia: Clearing activity, lipolysis re- 
lation, Engelberg, 601 
Lipide(s): Electron transport, réle, Leh- 
man and Nason, 497 
Nason and Lehman, 511 


Phospho-. See Phospholipide 
Lipide cofactor: Cytochrome c reduction, 


enzymatic, tocopherol _ relation, 
Nason and Lehman, 511 
Lipolysis: Lipemia clearing activity, re- 
lation, Engelberg, 601 


Liver: Acetoacetate formation, pen- 
tadecanoin, carbon 14-labeled, rela- 
tion, Chapman, Chaikoff, and Dauben, 

363 
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Liver—continued: 

Cholesterol biosynthesis, acetate-1- 
C', relation, Bucher and McGarra- 
han, 1 

Citrate, Schneider, Striebich, and Hoge- 
boom, 969 

5-Cytosine nucleotides, phosphoryla- 
tion, Herbert and Potter, 453 

Fluorene derivatives, hydroxylation 
and protein binding, Gutmann, 


Peters, and Burtle, 373 
— —, metabolism, Gutmann, Peters, 
and Burtle, 373 


Fructose-1 ,6-diphosphatase, gluco- 
genic stress, relation, Mokrasch, 
Davidson, and McGilvery, 179 

Glutathione metabolism, C'-glycine 
use in study, Douglas and Mortensen, 


581 
Guanine nucleotides, phosphorylation, 
Herbert and Potter, 453 


Mitochondria, cholesterol-4-C™ con- 
version to acids, relation, Fredrick- 


son, 109 
—, swelling, thyroxine effect, Tapley, 
325 


Phospholipide labeling, food deficiency 
effect, Kline, McPherson, Pritchard, 
und Rossiter, 219 

Regenerating, deoxyribonucleic acid 
metabolism, x-radiation effect, Jar- 
detzky, Barnum,and Vermund, 421 

—, phospholipide metabolism, x-radia- 
tion effect, Jardetzky, Barnum, and 
Vermund, 421 

Lymphoid tissue: Nucleic acids, phos- 
phorus, isotopic, uptake, Clark and 
Stoerk, 285 

Lysine: Poly-p-, synthesis and hydroly- 
sis, enzymatic, T'suyuki, Tsuyuki, 
and Stahmann, 479 

Vasopressin, pituitary, Ward and du 
Vigneaud, 951 


Macroglobulin: Crystalline, blood se- 
rum, Kratochvil and Deutsch, 31 
Mercaptopyruvate-cyanide: 8-, transsul- 
furation system, Fiedler and Wood, 
387 


Methionine: High diet, blood cells, red, 
turnover, effect, Cohen and Berg, 


85 
L-, adenosine triphosphate and, inter- 
action, Berg, 1025 


Methylguanidine: Biological fluids, de- 
termination, Van Pilsum, Martin, 
Kito, and Hess, 225 

Methylisourea: O-, chymotrypsinogen 
and, reaction, Chervenka and Wilcoz, 

635 

Micrococcus denitrificans: Cytochromes, 
Vernon, 1035 

Microorganism(s): Choline antimetabo- 
lites, Wells, 923 

See also Bacteria, Micrococcus 

Mitochondrion: Formaldehyde from oxi- 
dation of sarcosine-CD;, Mackenzie 
and Abeles, 145 

Liver, cholesterol-4-C'* conversion to 
acids, relation, Fredrickson, 109 
—, swelling, thyroxine effect, Tapley, 
325 

Muscle: Diphosphopyridine nucleotide- 

cytochrome c reductase, Lehman and 

jason, 497 

Glucose-l1-phosphate transphospho- 

rylase, Sidbury, Rosenberg, and Naj- 

jar, 89 
N 


Neoplasm(s): Glucose catabolism path- 
ways, isotope tracer use, Wenner and 


Weinhouse, 399 
Metabolism, Wenner and Weinhouse, 
399 


See also Carcinoma, HeLa, Tumor 
Nuclease: Ribo-. See Ribonuclease 
Nucleic acid(s): Deoxyribo-. See De- 

oxyribonucleic acid 

Lymphoid tissue, phosphorus, iso- 

topic, uptake, Clark and Stoerk, 285 

Phosphorus 32-labeled incorporation 

into, vitamin E effect, Dinning, 


Sime, and Day, 215 
Nucleotide(s): Adenine. See Adenine 
nucleotide 


Cytosine. See Cytosine nucleotide 
Diphosphopyridine. See Diphospho- 
pyridine nucleotide 
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Nucleotide (s) —continued: 
Guanine. See Guanine nucleotide 
Hydrolysis, wheat leaf phosphatases, 
effect, Roberts, 259 
Metabolism, Herbert and Potter, 


453 


O 


Oleic acid: Carbon 14-labeled, incor- 
poration into lecithins, Hanahan and 


Blomstrand, 677 
Oligosaccharide(s): Branched, 8-amylase 
effect, Summer and French, 469 


Ovary: Hormone, non-steroid, Frieden, 
Noall, and Alonso-deFlorida, 611 
Testosterone, carbon 14-labeled, con- 
version to estrogens, effect, Wotiz, 
Davis, Lemon, and Gut, 487 
Oxalic acid: Decarboxylation, enzy- 
matic, Jakoby, Ohmura, and Hayaishi, 
435 
Oxidase: Diphosphopyridine nucleotide. 
See Diphosphopyridine nucleotide 
oxidase 


P 


Palmitic acid: Carbon 14-labeled, in- 
corporation into lecithins, Hanahan 


and Blomstrand, 677 
Oxidation, carbohydrate effect, Los- 
sow, Brown, and Chaikoff, 531 
Pancreas: Elastase, Lewis, Williams, and 
Brink, 705 
Protein metabolism, Farber and Sidran- 
sky, 237 


Pentadecanoin: Carbon 14-labeled, liver 
acetoacetate formation, relation, 
Chapman, Chaikoff, and Dauben, 


363 
Pepsin: Amino acids, Williamson and 
Passmann, 151 


Peptide(s): Cofactors, protein, proteoly- 
sis, enzymatic, Johnson and Her- 


riott, 855 
Phlorizin: Kidney metabolism, effect, 
Lotspeich and Keller, 843 
Phosphatase(s): Blood plasma, rat, De 
Luca and Steenbock, 937 


Fructose-1,6-di-. See Fructose-1,6-di- 
phosphatase 
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Phosphatase (s) —continued: 
Glucose-6-. See Glucose-6-phospha- 


tase 
Wheat leaf, Roberts, 259 
— —, nucleotides, hydrolysis, effect, 
Roberts, 259 


Phosphate: Adenosine tri-. See Adeno- 
sine triphosphate 
Cytidine tri-. See Cytidine triphos- 
phate 
Uridine tri-. See Uridine triphosphate 
Phospholipide(s): Biosynthesis, cyti- 
dine coenzymes, relation, Kennedy 
and Weiss, 193 
Labeling, liver, food deficiency effect, 
Kline, McPherson, Pritchard, and 
Rossiter, 219 
Metabolism, liver, regenerating, x-ra- 
diation effect, Jardetzky, Barnum, 
and Vermund, 421 
Phosphoribosylamine: 5-, glycinamide 
ribotide, relation, Goldthwait, 
1051 
Phosphorus: Isotopic, incorporation into 
nucleic acids, vitamin E effect, Din- 
ning, Sime, and Day, 215 
—, uptake, lymphoid tissue nucleic 
acids, Clark and Stoerk, 285 
Phosphorylase: Glucose-1-phosphate 
trans-. See Glucose-1-phosphate 
transphosphorylase 
Tumors, corticotropin-secreting, 
Shull, Cahill, Gadsden, and Mayer, 
415 
Phosphorylation: Oxidative, thyroxine 
effect, Tapley and Cooper, 341 
Photosynthesis: Glycolic acid excretion, 
algae, effect, Tolbert and Zill, 895 
Pituitary: Homogenates, amino acid-in- 
corporating system, Ziegler and 
Melchior, 731 
—, fractionation, centrifugal, Ziegler 
and Melchior, 721, 731 
Vasopressin, lysine, Ward and du Vi- 
gneaud, 951 
Polysiphonia lanosa: Dimethylpropi- 
othetin cleavage, enzymatic, Cantoni 
and Anderson, 171 
Propanol-1: 2-Amino-2-methyl-. See 
Amino-2-methylpropanol-1 
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Propiothetin: Dimethyl-. See Dimeth- | Ribonuclease: Spleen, purification and 
ylpropiothetin properties, Kaplan and Heppel, 907 
Protein(s): Blood plasma, metabolism, | Ribotide: Glycinamide. See Glycin- 
Roberts and Kelley, 555 amide ribotide 
— serum, blood serum hyperglobulin- 
emic antigenicity, relation, Deutsch, S 
Morton, and Kratochvil, 39 | Saccharide(s): Oligo-. See Oligosac- 
Fluorene’ derivatives, metabolism, charide 


liver, effect, Gutmann, Peters, and 
Burile, 373 
Metabolism, pancreas, Farber and Sid- 
ransky, 237 
Mobility-ionic strength, electrophor- 
etic, Saifer and Corey, 803 
Peptide cofactors, proteolysis, enzy- 
matic, Johnson and Herriott, 
855 
Synthesis, Ehrlich ascites carcinoma, 
glutamine effect, Rabinovitz, Olson, 
and Greenberg, 879 
Proteolysis: Enzymatic, protein peptide 
cofactors, Johnson and Herriott, 
855 
Fibrinogen, thrombin effect, Laskow- 
ski, Donnelly, Van Tijn, and Sche- 
raga, 815 
Protozoa: See also Tetrahymena 
Pseudomonad: Nitrate-reducing, cyto- 


chromes, Vernon, 1035 
Pseudomonas’ denitrificans: Cyto- 
chromes, Vernon, 1035 


Pteroylglutamic acid: See Folic acid 

Purine: Fermentation, Clostridium cylin- 
drosporum, formiminoglycine rela- 
tion, Rabinowitz and Pricer, 537 


R 


Radiation: x-, deoxyribonucleic acid and 
phospholipide metabolism, liver, re- 
generating, effect, Jardetzky, Bar- 
num, and Vermund, 421 

Reductase: Cytochrome c. See Cyto- 
chrome c reductase 

Relaxin: -Containing extracts, fractiona- 
tion, Frieden, Noall, and Alonso- 


deF lorida, 611 
Respiratory enzyme(s): Tetrahymena 
pyriformis, Eichel, 121, 137 
Retinene: Neo-b isomer, Brown and 
Wald, 865 


Sarcosine: -CD;, oxidation to, mito- 
chondria, Mackenzie and Abeles, 
145 
Soy bean: See Bean 
Spleen: Ribonuclease, purification and 
properties, Kaplan and Heppel, 907 
Steroid(s): Metabolism, Wotiz, Davis, 


Lemon, and Gut, 487 
16-Substituted, Huffman, Lott, and Til- 
lotson, 447 
Steroidogenesis: Adrenal use in studies, 
Rosenfeld and Bascom, 565 
Amphenone B effect, Rosenfeld and 
Bascom, 565 
Steroid sulfate(s): Synthesis, enzymatic, 
Schneider and Lewbart, 787 


Strawberry: Carbon 14-labeled sugars 
conversion to L-ascorbic acid, Loe- 
wus, Jang, and Seegmiller, 649 

Streptococcus: Dextran synthesis, 
Hehre, 739 

Succinase: Adenylo-. See Adenylosuc- 
cinase 

Succinic acid: Adenylo-. 
succinic acid a4 

Sugar(s): Carbon 14-labeled, L-ascorbic 


See Adenylo- 


acid from, strawberries, Loewus, 
Jang, and Seegmiller, 649 
T 


Testosterone: Carbon 14-labeled, estro- 
gens from, ovary effect, Wotiz, Davis, 
Lemon, and Gut, 487 

Tetrahymena pyriformis: Diphospho- 
pyridine nucleotide cytochrome c 
reductase, reduced, Eichel, 121 

— — oxidase, reduced, Eichel, 

121, 137 
Respiratory enzymes, Eichel, 

121, 137 

Thyrotropic hormone: Preparation, 
Pierce and Nyc, 777 


i] 
| 


SUBJECTS 


Thyroxine: Liver mitochondria swelling, 


effect, Tapley, 325 
Phosphorylation, oxidative, effect, 
Tapley and Cooper, 341 
Tissue culture: Cells, metabolism, Bar- 
ban and Schulze, 665 


Tocopherol: Cytochrome c reduction, en- 
zymatic, lipide cofactor relation, 
Nason and Lehman, 511 

Transaminase: Tyrosine-a-ketoglutaric 
acid. See Tyrosine-a-ketoglutaric 
acid transaminase 

Transsulfuration: System, §-mercapto- 
pyruvate-cyanide, Fiedler and Wood, 

387 

Tricarboxylic acid: Cycle, acetate oxida- 

tion, Escherichia coli, relation, Gil- 


varg and Davis, 307 

Trypsinogen: Chymo-. See Chymotryp- 
sinogen 

Tryptophan: Acetyl-p-, metabolites, 

urine, Price and Brown, 835 

Acetyl-L-, metabolites, urine, Price 

and Brown, 835 

p-, metabolites, urine, Price and Brown, 

835 

pL-, carbon 14-labeled, metabolism, 

Henderson and Hankes, 1069 

—, metabolites, urine, Price and 

Brown, 835 


Tumor(s): Corticotropin-secreting, glu- 
cose-6-phosphatase, Shull, Cahill, 


Gadsden, and Mayer, 415 
—, phosphorylase, Shull, Cahill, Gads- 
den, and Mayer, 415 


See also Carcinoma, HeLa, Neoplasm 
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Tyrosine-a-ketoglutaric acid transami- 
nase: Canellakis and Cohen, 
53, 63 


U 


Urea: O-Methyliso-. See Methylisourea 
Uridine triphosphate: Cytidine triphos- 
phate from, enzymatic amination 


relation, Lieberman, 765 
Urine: Acetyl-p-tryptophan metabolism, 
Price and Brown, 835 
Acetyl-L-tryptophan metabolism, 
Price and Brown, 835 
a-C'-Histidine products, Wolf, Wu, 
and Heck, 159 
p-Tryptophan metabolism, Price and 
Brown, 835 
DL-Tryptophan metabolism, Price and 
Brown, 835 
V 

Vasopressin: Lysine, pituitary, Ward and 
du Vigneaud, 951 
Vitamin: A, neo-b isomer, Brown and 
Wald, 865 


D, rat, De Luca and Steenbock, 937 
E, phosphorus, isotopic, incorporation 
into nucleic acids, effect, Dinning, 


Sime, and Day, 215 
WwW 
Wheat: Leaf phosphatases, Roberts, 
259 


— —, nucleotides, hydrolysis, effect, 
Roberts, 
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